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PREFACE 



The investigation reported in this paper has been so long in progress 
and has engaged the attention of so many persons in varying degrees 
that a brief statement regarding it is not out of place. 

In 1897 I published a paper on the Crustacea of the plankton of 
lake Mendota, 1 in which much attention was given to their vertical 
distribution. I there indicated (p. 428) that the exclusion of Crusta- 
cea from the lower water of lake Mendota in summer is due, in part 
at least, to chemical causes. I planned to ascertain the nature of these 
chemical conditions, but unforeseen changes in the duties of my posi- 
tion in the University of Wisconsin delayed the execution of this plan. 
In 1904 I resumed the study; I worked out the method of collecting 
and boiling samples of water substantially as described in this paper 
and also the method of securing correlated plankton catches. I had a. 
trial apparatus made and with the aid of Professor Victor Lenher, of 
the department of chemistry in the University of Wisconsin, carried 
out several sets of preliminary observations on lake Mendota, which 
showed the general gas conditions found in the autumn in that lake. 
The chemical side of the study was then placed in charge of Dr. Len- 
her, who determined the practical details of the equipment and oper- 
ation of a field laboratory and who, with the assistance of Dr. R. C. 
Benner, carried out the chemical work in the field during the season 
of 1905. In August, 1905, Jlr. Chancey Juday returned to the Sur- 
vey and at first took charge of the biological side of the work. Dur- 
ing the next season Dr. Benner took charge of the chemistry, Mr, 
Juday of the biology, while, as before, I retained general supervision 
of the work and assisted in all parts of it 

During the seasons of 1907, 1908, and 1909, the field work of this 
Survey has been assisted by a grant of money from the United States 
Bureau of Fisheries ; and the extension of our studies to the lakes of 

i Transaction a Wis. Acad. Sciences, Vol. 11, pp. 274-451. 



northeastern and northwestern Wisconsin has thus been made possible. 
This valuable assistance is acknowledged with thanks. 

Chemical work has been done also by Dr. R. D. Hall and Dr. G. I. 
Kemmerer, who have very efficiently taken charge of field parties. 
Several other persons have assisted in field work. In the wearisome 
counting of plankton catches, Mr. Juday has been aided by Mrs. Ef- 
fie R. Michener. 

Mr. Juday has taken an increasing part in the execution and super- 
vision of the work. From the first he has been responsible for the 
biology, and in later years for the chemistry also. He took full 
charge of the field parties in 1908 and 1909, when I was in the field 
for a Bhort time or not at all ; and the entire task of writing the re- 
port (except the introduction) has been done by him. Both of us 
are, however, responsible for the results as I have given almost daily 
attention to the work and have constantly reviewed it in all stages of 
progress. 

Professor Lenher has continued to look after the analytical work in 
chemistry and the gravimetric analyses of Dr. H. B. North and 
Mr. E. B. Hall were made under his care, as were the analyses 
of the residual gases by Mr. M/E. Diemer. We should also make 
special acknowledgment of the assistance of Dr. R, C. Benner, who 
gave much thought and care to the problems of the lakes, particularly 
those of the dissolved carbonates. He contributed greatly to the ap- 
preciation of these problems and to their solution so far as this has 
been reached. 

In the progress of these studies a great amount of chemical and 
biological data has accumulated which has not been used in this paper 
and remains as part material for future studies. 

During the course of the investigation I have published six addresses 
and papers based in part on the material here reported. These are: 

The Thermocline and its Biological Significance; Trans. Amer. Mi- 
cros. Soc. Vol. XXV. 1903. 

The Oxygen dissolved in the Waters of Wisconsin Lakes; Trans. 
Amer. Fish. Soc Vol. XXXV. 1906. 

The Respiration of an Inland Lake; Trans. Amer. Micros. Soft 
Vol. XXXVI. 1907. 

The Gases dissolved in the WaterB of Wisconsin Lakes; Interna- 
tional Fisheries Congress, Washington, 1908; Bulletin U. S. Bureau 
of Fisheries. Vol. XXVILT. 1910. 



The Evidence for Temperature Seiches. 

An Unregarded Factor in Lake Temperatures. Both published in 
the Trans. Wis. Acad. Sciences. Vol XVI, Part 2. 1910. 

Mr. Juday has published the following paper : 

Resume of recent Work on Lakes by the Wis. Geol. and Nat. Hist 
Survey ; Internal. Rev. Qeaamt. Hydrobiol. u. Hydrographie. Vol I, 
1908. 

The following papers (published in the Trans. Wis. Acad. Sciences. 
Vol. XVI, Part 1) deal with certain phases of the relation between 
animal life and dissolved gases; their results are summarized, with 
additions, in parts of chapter VI of this report: 

A Summer Besting Stage in the Development of Cyclops bicuspi- 
datus Glaus; E. A. Birge and C. Juday. 

Some aquatic Animals that live under anaerobic Conditions; 
C. Juday. 

Dissolved Oxygen as a Factor in the Distribution of Fish ; C. Juday 
and G. Wagner. \ 

Attention should also be called to a paper by Mr. Juday : 

The Diurnal Movement of the Plankto.n Crustacea. Trans. Wis. 
Acad. Sciences. Vol. XIV. 1904. * 

This paper was among the first to call attention to the variety and 
complexity of the biological problems offered by lakes, even in cases 
where the problems appeared at first sight to be capable of relatively 
simple solution, and to show the necessity of studying the biology of 
plankton animals in their natural environment rather than in the 
laboratory. 

Reference should also be made to the following publications of the 
Wisconsin Geological and Natural History Survey: 

Lakes of Southeastern Wisconsin, by N. M. Fennemann. Bulletin 
No. VIII, second edition. 1910. 

The Plankton of Lake Winnebago and Green Lake, by C.Dwight 
Marsh. Bulletin No. XII. 1903. 

Ten hydrographie maps have been published, covering the principal 
lakes and lake districts of southeastern Wisconsin. 

A bulletin is now in preparation which gives in detail the data per- 
taining to the hydrography of the lakes in southeastern Wisconsin 
that have been surveyed, and which also gives such facts on the hy- 
drography of the lakes in the northeastern and northwestern parts of 
the state as were obtained during the progress of these studies. 



A large amount of literature has been consulted in the preparation 
of this report, but comparatively little has been found which relates 
to the particular phases of the subject that are presented here. This 
Recounts for the small list of references, because only those papers 
which have a direct bearing on the subjects discussed, have been cited. 
For more general lists, the reader is referred to "Das Susswasser" by 
K. Knauthe and to "Planktonkunde" by A. Steuer. 



INTRODUCTION 



The following report deals with the dissolved gases of the inland 
lakes of Wisconsin. It reports the distribution of these gases in num- 
erous lakes and the cause of variations in distribution due to depth-and 
season. In this introduction we purpose to sketch briefly the prin- 
ciples which are more fully stated and illustrated in. the succeeding 
pages. 

The lakes studied are not large, as the area does not exceed 40 sq. 
km. (15 sq. mi.) ; nor are they very deep, since the maximum depth is 
73 m. (237 ft). They are glacial lakes, usually placed in drift 
basins; with low banks; and are either fed from the ground water or 
have relatively small affluents. They are covered with ice during 
several months of the winter and the surface temperature ordinarily 
reaches a maximum of 27°-30° during the summer. 

The cycle of the seasons induces a corresponding cycle of physico- 
chemical changes in the water of these lakes, chiefly conditioned by 
temperature. The lake starts in spring with a uniform temperature 
below 4°, when complete circulation of the water is possible. The ad- 
vance of summer quickly checks circulation by warming the surface 
water, and soon produces a permanent thermal stratification. This 
leads on to the formation of an epilimnion, 1 sharply separated from 
the cooler water by the thermocline. This situation may be developed 
in small lakes as early as the opening of May ; in larger lakes it may 
not be completed before the first of July. The epilimnion thus formed 
varies in thickness, in midsummer, from 3 m. in small lakes, to 
10 m.-12 m. in large ones. After the epilimnion is established circu- 
lation is confined to this stratum of the lake and is very imperfect 
even there so long as the lake is gaining heat. As autumn comes ju 
the lake cools, the epilimnion increases in thickness; finally the lake 



' By epilimnion is meant the upper stratum of wator found in summer, above 
the Ihermocline. nnil whose temperature is nearly uniform. The region below 
the thermocline mav be called the Ityputimnvm. See Bir^e. On the evidence for 
temperature seiches: Trans. Wis. AcHd. Sciences, vol. XVI, pi, 2, p. 1006; 1900. 
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"turns over" and becomes homothermous ; and the fall period of full 
circulation begins. This happens at a time which varies from late 
September to December, according to the area and depth of the lake. 
It lasts until the lake is frozen, which may occur in late November or 
early in January, varying with lake and season. Circulation then 
ceases until Bpring. 

Thus during the greater part of the year, free circulation of water 
and consequent exchange of gases with the air are much restricted 
or wholly cut off. The lake is saturated with gases from the atmos- 
phere in the fall and in early spring. As soon as direct thermal 
stratification appears, the lower water begins to be excluded from the 
circulation and consequently from contact with the air. This ex- 
clusion may be interrupted by violent winds which temporarily restore 
circulation. But it soon becomes permanent ; and the stratum of cir- 
culating water becomes increasingly thinner until the thermocline ap- 
pears and the permanent Bummer conditions are established. Thence- 
forward, until the overturn, only the water of the epilimnion can have 
direct contact with the air and only indirect exchanges are possible for 
the gases of the lower water. Practically, the lower water is cut off 
from the air. 

Superimposed on this annual cycle, determined by the march of the 
seasons, is another aeries of physico-chemical changes due to the plank- 
ton inhabitants of the lake. These consume certain substances dis- 
solved in the water, manufacture others; add some materials to the 
water and subtract others. This is done in the most complex fashion, 
varying with the kind of plankton and with many varying conditions 
in its life and environment. 

It is convenient to group these activities, so far as they relate to 
gases, under two heads ; those which liberate oxygen and those which 
consume it. A correlative classification would be into those processes 
that consume carbon dioxid and those which liberate it. The first 
class includes the photosynthetic activities of plants; the second com- 
prises the respiratory processes and those of decomposition. 

Photosynthesis consumes carbon dioxid and liberates a correspond- 
ing amount of oxygen. It demands a certain quantity of energy in the 
form of light. It is therefore most vigorous near the surface, and is 
limited to a stratum of the lake, whose thickness varies with the color 
and turbidity of the water. In highly colored or turbid lakes the 
zone of photosynthesis may he only 2 m.-3 m. thick; in clear lakes it 
may extend to the depth of 10 m. or even farther. The oxygen con- 
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tents of this zone vary with the ratio of the liberated oxygen and that 
absorbed from the air to that consumed by respiration and decompo- 
sition. In the water below, the amount of oxygen will depend on the 
rate of consumption as compared with the rate of supply by diffusion 
from the upper stratum, or by circulation due to temperature changes 
or to wind. * 

In the zone of photosynthesis the oxygen may be present in suffi- 
cient quantity to saturate the water. It may rise above this amount, 
especially if circulation of the water is hindered by calms ; if photo- 
synthesis is Blow the oxygen content may sink below saturation.x In 
an opaque lake the zone may not extend to the thermocline; and in 
periods of deficient circulation the oxygen content of the lower part 
of the epilimnion may become low. In clear lakes, especially if they 
are small, the zone may extend below the epilimnion and so below 
circulation; and in these cases a large excess of oxygen may accumu- 
late at the region of the thermocline. 

In the processes of photosynthesis the carbon dioxid in the water is 
consumed. Its sources are four: from the air, from ground water, 
from the decomposition of organic matter and from respiration, and 
from dissolved Mcarbonates of calcium and magnesium. The air 
seems to afford only a small supply; and the same may be said of the 
ground water under ordinary conditions, although this source may 
be important in small, spring-fed lakes. 

The process of respiration consumes oxygen and sets free carbon 
dioxid at all depths where animal and plant life occur. Its effects 
on the dissolved gases can hardly be separated from those of decom- 
position. This process, too, goes on at all depths, consuming oxygen 
and liberating carbon dioxid. But as both animals and plants sink 
after death, most of the decomposition goes on in the deeper water, and 
especially, close to and at the bottom. There is ordinarily an accumu- 
lation of free carbon dioxid in the lower water increasing with the 
depth, and a corresponding reduction or exhaustion of oxygen. After 
the oxygen is used up, anaerobic decomposition continues, with evolu- 
tion of carbon dioxid, methane, and carbon monoxid. The lower 
water of a lake forms a zone of decomposition, whose processes are 
most vigorous at the bottom and decrease in intensity upward. It 
should be observed that this term is applied to tho region where de- 
composition is the predominant process and where most, though by 
no means all, of the decay occurs; while the zone of photosynthesis 
includes the stratum where all the photosynthesis occurs. 
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Thus the vertical distribution of gases in a lake is indicative of 
fundamental biological facta. The quantity of life which the limnetic 
region of a lake can aupport is in general a function of the amount 
of green plants which it can produce. This in turn is limited largely 
by the quantity of carbon dioxid available for photosynthesis. If a 
lake is so shallow that the whole of the water is circulated, the zones of 
photosynthesis and decomposition overlap and the carbon dioxid can 
readily be used over and over again with correspondingly vigorous 
growth of plants. If, however, an epilimnion is formed, none of the 
carbon dioxid liberated below it can be used in the upper water until 
circulation extends downward. Thus much of the carbon dioxid may 
be locked up in the lower water until late in the fall, when the period 
of growth lias passed. In lakes containing much plankton a large 
share of it may be decomposed under anaerobic conditions, yielding in 
part methane and peaty products which are not available for fur- 
ther use in the lake. 

The zone of photosynthesis is, under ordinary conditions, subject to 
a continual loss of part of its stock of carbon dioxid by the sinking of 
dead and dying planktonts. This is only very partially replaced from 
the air or other sources. Since this is the case, the form of the lake- 
basin is of importance in the economy of the lake. A lake with 
shoal margins, offering a chance for much decomposition above the 
thermocline will produce — other things being equal — more plankton 
than a lake of similar area, but with steep slopes and deep water. In 
the latter case, almost all matter manufactured near the surface is 
decomposed in deep water below the region of circulation ; and there- 
fore is more or less permanently withdrawn from the possibility of 
being used again. , 

I T nder these conditions, the carbon dioxid available for plants in 
the dissolved bicarbonates becomes a valuable supply. Lakes con- 
taining a large amount of these substances possess a source of carbon 
dioxid lacking in soft-water lakes, and can therefore support a larger 
population of plankton. The reduction of the bicarbonates to monocar- 
bonates gives an alkaline reaction to the upper stratum of the lake. 
These monocarbonates must take up the carbon dioxid liberated in the 
upper water by respiration and decomposition, and more will be ab- 
sorbed from the air than is possible if free carbon dioxid is already 
contained in the water. Thus the presence of an abundance of dis- 
solved carbonates increases the supply of carbon dioxid for plant use, 
both directly and indirectly; directly, by the original stock of half- 
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bound carbon dioxid in the bicarbonatee ; indirectly, because the 
monocarbonates take up more carbon dioxid from the air than would 
be absorbed without their aid, and also absorb that liberated in the 
upper water by respiration and decay. Much of this last would es- 
cape into the air, especially at night, if not so absorbed. 

In such lakes the epilimnion ia permanently alkaline during the . 
summer, which shows that more carbon dioxid is withdrawn from the 
bicarbonatee than is supplied to them from other sources, and more 
than is made good at night. The process goes so far that monocarbou- 
atee, especially calcium carbonate, are precipitated, to be redissolved 
by the free carbon dioxid in the lower water or to accumulate in the 
mud at the bottom. 

The preceding paragraphs must not he understood to affirm that 
the productivity of a lake is wholly determined by the amount of 
available carbon dioxid. Many other factors, physical and chemical, 
are concerned and but little is yet known about them. It is cer- 
tain, however, that all chemical substances which contribute to deter- 
mine the amount of plankton are subject to reduction by sinking of 
the dead plants and animals and to limitations on repeated use, due 
to deficient circulation, just as is the case with carbon dioxid. 

The inhabitants of an inland lake form a closed community in a 
stricter sense, perhaps, than the term can be applied to any other 
non-parasitic assemblage. The number of species living under these 
conditions is small and closely similar in different lakes. Only small 
additions are made to the food supply from without and these come 
slowly. The lake is dependent on its own stock of green plants, for the 
stock of organic matter available for food of other organisms; and the 
possible amount of green plants is limited by the raw material sup- 
plied for photosynthesis from the lake itself. The critical factor 
then, in the economy of a lake with small in-and outflow of water, is 
the provision for the vertical circulation of the water in the lake. 
But this circulation iB very imperfectly effected at best, and is often 
wholly absent for most of the water. 

All of these factors cooperate to produce an annual cycle in the dis- 
tribution of the dissolved gases, whose fundamental features are the 
same, but whose details differ endlessly in different lakes. The gen- 
eral story and its more important variants are shown in the follow- 
ing chapters. 

Many details of the story, however, are not completely explained 
by these general principles and much more work muBt be done before 
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they are fully understood. Our experience has led us to expect 
that certain individual peculiarities will recuf in certain lakes. 
These closed assemblages of plants and animals have lived together, 
in a limited environment, since a time which goes back nearly to 
the glacial period. It seems as if they had acquired certain habitual 
actions and reactions upon each other and on the environment, whose 
details differ in individual cases — physiological variations in the 
assemblage and its units not unlike the morphological variations 
seen in the forms of Daphne from different lakes. The observations 
here recorded show many cases of this sort, at present unxplained, 
which wider study may place under general laws or in special cate- 
gories. 

The animal plankton has not Bhown any close correlation with the 
dissolved gases, considered either with reference to kind or quantity. 
These gases seem to have no chemotactic effect on the zooplankton, 
nor do the gaseous products of decomposition, as they exist in lake3, 
appear to have any unfavorable effect on the animals, such as might 
determine their distribution in the water of the lake. The zooplank- 
ton is excluded from water whose supply of oxygen is too small; 
but sensitiveness to deficient oxygen does not appear until the supply 
of the gas is much reduced. These animals do not begin to with- 
draw from water until the oxygen supply is reduced to 0.2 cc. or 
0.3 cc. per liter — a very small percentage of the normal amount. 
Few animals remain in water which has less than 0.1 cc. Thus the 
whole phenomenon of response to declining oxygen takes place 
within very narrow limits in the quantity of the gas. It has been 
possible, therefore, to give only broad and general conclusions in this 
matter and we have not been able to work out exact correlations for 
the various species or other groups. 

Ajs our work has progressed we have been increasingly impressed 
by the complexity of the questions involved. This has become more 
and more manifest as our experience has extended to numerous lakes 
and to many seasons. If this report had been written at the close 
of the first or second year's work, it would have been much more 
definite in its conclusions and explanations than is now the case. 
The extension of our aquaintance with the lakes has been fatal to 
many interesting and at one time promising theories. The re- 
sult is that in the report many chemical and biological problems are 
only partially solved and some are barely indicated. Such are ques- 
tions connected with the excess oxygen at the thermocline and espe- 
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cially the relations existing between the amount of dissolved carbon- 
ates and that of the plankton. / 

It may not be out of place to state briefly our view of the results 
of this investigation, and also of Borne of the unsolved questions on 
which it touches. It is a study in the statistics of lakes and from 
that point of view must be judged by the quantity of observed facts 
Which underlie it and by the way in which the facta are handled. But 
the facts also represent the effect of processes which go on within the 
lake, and the report should show the relations between the changes 
in dissolved gases and these other processes. 

We believe that judged from the first point of view this report 
gives a reasonably full account of the dissolved gases in the waters 
of Wisconsin lakes. It sets forth in sufficient detail the facts of the 
kinds, the amount, and the variation of these gases; of their vertical 
distribution ; of the effect of the seasons and the plankton on quantity 
and distribution ; we have been able to distinguish the different types 
of lakes which result from these facts. 

But even though we may feel that this investigation is reasonably 
adequate from the statistical point of view, we are sure that no- 
reader of the paper is more keenly conscious than ourselves of its es- 
sentially fragmentary. character, when judged on another and much 
more important sida This study is fundamentally concerned with 
one aspect of the physiology of a lake, and therefore with a yet al- 
most wholly undeveloped science. Perhaps the chief interest which 
our work has had for us has been the fact that its progress has re- 
vealed to us the existence of physiological processes in lakes as com- 
plex, as distinct, and as varied as those of one of the higher animals. 
The processes which we have studied are intricately bound up with 
physical, chemical, and biological processes of every kind, of which 
iimnologists are still in large measure ignorant. If the story of the 
dissolved gases is to be adequately told, there is needed a quantitative 
knowledge of the chemical results of the vital processes of the plankton 
plants and animals; a knowledge of .which we possess hardly a begin- 
ning. We need a similar knowledge of the processes of bacterial de- 
composition in lakes, whose accurate study still belongs to the future. 
In spite of this ignorance, we have not hesitated to put forward our 
conjectures regarding the meaning of various changes in tie gases 
and their relation to other processes; fully expecting that many of 
these conjectures will prove erroneous, and sure that future knowledge 
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will render all of them inadequate. But we know of no better way 
to direct attention to problems which need study than to indicate the 
probable, or possible, connection of the changes which we have found 
in the dissolved gases with other processes of lake physiology. 

Various papers which have been recently published on the problems 
of limnology show that the science is passing from the initial stage of 
the collection of more or less disconnected facts to that of the estab- 
lishment of principles. It is becoming clear that the duty of lim- 
nological stations is primarily with biological questions, with the 
study of organisms in their natural environment. Wesenberg-Lund, 
in his recent statement of limnological problems 1 justly emphasizes 
this point. The origin of the fauna of our lakes, the nature of the 
"species," the relations of the several members of the plant and animal 
plankton to their environment and to each other ; all these and many 
other questions of limnology have great interest and great scientific 
importance. But there is another aspect of the subject, as yet little 
considered by limnologists but which our studies have impressed upon 
us. This is the physiology of the lake as a whole — the physical and 
chemical processes in the lake, which result from the influence of its 
environment and from that of the organisms living in it. These 
processes differ in different lakes, for reasons partly external to the 
lakes and partly internal. The area, depth, and shape of the lake; 
the chemistry of its water supply ; the number and kind of organisms 
that it contains; these and many other matters affect the lake in a 
complex fashion, and cause it to pass through a series of changes ' 
which may not improperly be called physiological. In preparing 
this report we have studied more than 150 lakes, not widely sep- 
arated in distance or greatly different in climatic or topographic con- 
ditions. They are of substantially the same age, all dating from the 
close of the last glacial period. Their fauna and flora do not differ 
widely in range of forms. It might, therefore, be expected that the 
story of the dissolved gases in the several lakes would be similar. 

Yet there are the widest differences in the process which we have 
studied and which may fairly be called the respiratory processes of 
the several lakes. These in turn are the reflection of differences — 
qualitative and quantitative — in the amount and nature of other 
processes, due in part to the substances dissolved in the water of the 
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several lakes and in part to the amount and the activities of the 
plankton and the reaction of its several members on each other and 
their environment. We find unexpected individuality in the story of 
the gases of each lake, and also a grouping of lakes into classes which 
agree in the essentials of the type of respiratory processes. Thus it 
seems to us that it is possible to study not only the biology of the 
several plankton species but also the physiology of lakes, both in its 
relation to external conditions and internal processes. It seems also 
that this study will yield results of great scientific and practical in- 
terest. One general question may be named, whose answer is as yet 
almost wholly outside of our knowledge and yet is of great importance 
in every way. Why is it that different lakes differ so widely in pro- 
ductivity or in ability to support a population of plankton? The 
lakes are equally old ; they may have the same species of plankton ; 
their temperature may not differ widely ; the chemistry of their water 
is not greatly different; they have had apparently the same chance for 
development ; yet the results are very unlike. This is a problem whose 
solution will demand the answer of many subsidiary questions. These 
will concern not only the biology of the several plankton species but 
the study of. the relation of the collective plankton to the lake and of 
the interrelations of its members. Such matters, for instance, as the 
food supply of the algae in the lakes as influenced by the inorganic 
and organic substances dissolved in the water, by the area and dopth 
of the lake, and the form of the lake basin ; the effect of the several 
crops of algae on their successors, by withdrawing certain substances 
from the zone of photosynthesis and adding others; these are ex- 
amples of questions whose solution demands' not merely a knowledge 
of the biology of the several species of algae, but also the study of the 
several lakes as physiological individuals of a higher order. This 
point of view we have tried to keep in mind in our investigations. 
Our knowledge of these matters is still so fragmentary that we can- 
not believe that we have contributed greatly to their ultimate solu- 
tion, but they have been very vigorously impressed on our minds by 
the study of the dissolved gases, and We hope that we have succeeded, 
at least, in indicating some of the questions which have been raised 
and some of the lines along which study may be profitably directed. 



"So bietet sich also oinc Fiille von ncerlegten Fragen dar, sobald 
man daran geht, die Schicksale dee im Wasser absorbierten Saner- 
Btoffs naher ins Auge zu faasen; aber wir durfen die KenntniB der 
Verteiluug dee Sauerstoffdefizits in den verschiedenon Wasserschich- 
ten als den ersten Schritt ansehen anf dem Wege, der zur Erkennlaria 
der Vorgange ftilirt, welche eich durch daa Leben der Organismen im 
Waeser von Seen und Meeren volbaehen." 

Hoppe-Seyler, 1895. 
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SCOPE AND METHODS OP THE INVESTIGATION. | 

Preliminary work for the purpose of testing methods and perfect- 
ing apparatus for these investigations was begun in 1904, but the 
regular observations on which this report is based did not begin un- 
til August X, 1905. The primary object was to make a general sur- 
vey of lakes situated in various parts of Wisconsin in order to ascer- 
tain the status of the physical, chemical, and biological conditions 
which exist in them. Climatic and other conditions in the northern 
part of the state are very different from those in the southern part 
and it seemed desirable to ascertain the effect of these differences on 
/immological conditions. It was also the purpose to obtain data for 
comparisons between lakes belonging to the same group, or between 
lakes not widely separated, which would thus be subject to the same 
general climatic conditions. This general survey has now been sub- 
stantially completed and, as it is the present plan to take up special 
problems, it is thought best to give the more salient results that have 
been obtained during the general survey. 

During the progress of this work observations have been made on 
156 lakes. Of this number, 151 are located in Wisconsin, 1 in 
Michigan and 4 in Indiana. The lake which is situated in Michi- 
gan will be considered along with a Wisconsin group since it in real- 
ity forms a part of this group but the Indiana lakes will be discussed 
as a separate group. Roughly speaking, the Wisconsin lakes that 
have been visited belong to three groups: (a) 25 are more or Iobs 
widely scattered in the southeastern quarter of the state; (b) one- 
large group lies in northeastern Wisconsin; and (c) another group- 
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is situated in the northwestern part of the state. 
figs. 1 and 2.) 



(See sketch maps, 




Tit. 1.— Bketcn map oi Wlaeotailn rtiolrtuB location 
trlcta. Ga = lake Genera; M = lalie Mandate; C 
Q — Green lake; E = Elkhart lake. Approximate Male, 



prfhSpal lakei and lake die- 

, lukeaba lata*; 

:tt tntlea. or 



During the first two years the investigations were confined to the 
lakes in southeastern Wisconsin. Out of the total number of lakes 
visited, some of the more important ones were selected and studied 
more fully during the different seasons, especially in spring, sum- 
mer, and autumn in order to obtain as adequate an idea as possible 
of the various physical, chemical, and biological ohanges which take 
place during these seasons. 'The results obtained on these lakes also 
furnished a basis for the interpretation of results obtained on others, 
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which for various reasons it has not been, possible to visit more than 
once or twice. During the'month of August in 1907, in 1908, and 
in 1909, through aid received from the U. S. Bureau of Fisheries, 
it was possible to make investigations on a number of lakes belong- 
ing to the groups in northeastern and northwestern Wisconsin. The 
lakes in these two districts which have been visited from one to three 
times each, number 122, only eight of which, however, have been 
visited more than once. 

The lakes vary widely in size, ranging in area from about 0.05 sq. 
km. in the smallest to 39 sq. km. in the largest. In depth there is 
also a wide variation, ranging from 3 m. or 4 m. in the shallowest to 
72 m. in the deepest; 37 do not exeed 7 m. in depth; 30 have a depth 
of 8 m. to 10 m. ; 31 are between 10 m. and 15 m. ; 26 between 15 m. 
and 20 m. ; 17 between 20 m. and 25 m. ; 10 between 25 m. and 30 m. ; 
and 5 are more than 30 m. deep, of which one is 72 m., one is 43 m, 
and the other three 31 m. to 33 m. 

With one exception all of these occupy basins in glacial drift and 
their shores, of course, are composed for the most part of the usual 
drift material. In general the shores of the lakes in southeastern 
Wisconsin are composed of coarser and more gravelly material, 
while the shores of the lakes in the northeastern and northwestern 
parts of the state are composed chiefly of sand. 

During the five years in which this work has been carried on, a 
total of nine hundred series of dissolved gas determinations, more 
especially of the oxygen and carbon dioxid, have been made on these 
lakes. All of these observations have been taken into account in the 
preparation of this report but a very large part of the data is not 
shown by diagrams, nor in the tables of the appendix, because 
much would be substantially a repetition of results that are given. 
In fact, it will be noted that there are marked similarities between 
many of the sets of results that are shown either in the diagrams or 
in the tables, but they were selected largely for the purpose of em- 
phasizing this very point. In the selection of the data to be pub- 
lished a two-fold purpose has been kept in mind. In the first place, 
it has been the aim to choose such material as will give a good notion 
of the more general changes which the lakes of a certain type pass 
through in their seasonal and annual cycles and in this way to in- 
dicate what may be called the generic changes in the various types 
of lakes. In the second place, material has been selected for the 
purpose of showing the individual peculiarities or specific character- 
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isties exhibited in a more or less marked degree by all lakes, but espe- 
cially marked in some at certain times, such as Beasley and Knights 
lakes. 




Iff. 2.— Sketch map ol a Guldens tern Wisconsin showing location of principal lakes and 
lake districts Id this Quarter ol the state. In the Oconomowoo group ol lakes, Lse 
la Belle lies west of 1, Okauclree lake east, and Oconomowoo lake almost south of 1. 
Nagowteka lake Is northeast ol 2, with Pine and North lakes continuing: the chain 
to tbe north. Pewaukee lake Is marked 4. 
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Methods of Determining ths, Amount of Dissolved Oxygen. 

During the first year the oxygen dissolved in the water was 
determined by the boiling method. In order to meet the demands of 
a field campaign, a special type of container for the samples of 
water was designed. It was desirable to have a sample container 
which could be readily handled in a boat or on shore without danger 
of being broken, and also one which could readily be packed and 
shipped from lake to laka To meet these requirements, copper cans 
holding about three liters each were used. Some idea of the general 
shape and structure of these cans may be obtained from fig. 3. The 
can proper (A) is about 30 cm. high and the stop-cock and tube add 
about 8 cm., making the total height about 38 cm. The body of the 
can is 13 cm. in diameter. The two tubes in the cone-shaped top of 
the cans are fitted with adjustable brass stop-cocks so that they can 
be kept air tight. In order to determine whether the seams of the 
cans and the stop-cocks were air tight the cans were tested occasion- 
ally by forcing air into them with a large bicycle pump while they 
were immersed in water. The tube at the apex of the can (C, fig. 3) 
is attached flush with the top of the can while the side tube (B, fig. 3) 
extends to the bottom. At the outer ends these tubes bear threads 
so that pieces of rubber hose can be readily attached to them by 
means of couplings. In obtaining a sample, the water is taken into 
the can through the side tube (B) and passes out through the apex 
tube (C). This insures a complete flushing of the can and conse- 
quently the removal of all water that may enter the can from some 
depth other than that at which the sample is desired. 

Two small pieces of copper (H) each perforated by a hole, are at- 
tached on opposite sides of the frustum of a cone at the bottom of the 
can, forming two ears into which a spring bail can be easily fastened. 
A small calibrated chain is attached to this bail so that the sampling 
can may be readily lowered to the depth from which a sample is de- 
Bired. The sample is taken in the following manner. The can 
is first filled with surface water so that it will sink. One end of a 
rubber hose having an opening of 1.5 cm. is attached to the apex tube 
of the can and the other end of the hose is attached to a No. 1 semi- 
rotary or clock pump. After attaching the bail, the can is lowered 
into the water right side up and considerable water is pumped 
through in order to remove any air that may enter the can or hose 
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while they are being connected. Then the can is turned upside down 
under water and lowered to the desired depth by means of the cali- 
brated chain. A considerable quantity of water, usually 4 to 5 times 
as much as the can will hold, is pumped through in order to flush out 
all of the surface water. After about twice as much water as tbe 
can, hose, and pump will hold, has been pumped through, the dis- 
charge hose of the pump is placed in a plankton net and from 5 to 15 
liters of water are strained for a plankton catch. The can is then 
raised to the surface and the stop-cocks are closed while it is still 
under water. It is, next lifted into the boat and detached, being now 
ready for the boiling process. 

The sample is taken while the can is upside down and raised to 
the surface in this position in order to prevent the loss of any gas 
which may be given off by the sample owing to the decrease of the 
pressure as the sample is brought to the surface. Should any gas 
be set free it would collect at the bottom of the can and would thus 
he saved for analysis. It was soon found, however, that the de- 
crease in pressure did not liberate an appreciable amount of gas ex- 
cept in the lower water of two lakes, so that this precaution was gen- 
erally unnecessary and was discontinued except in the two instances 
cited above. The exceptions were lakes in which the lower water 
contained very considerable amounts of free carbon dioxid and 
methane. After it was learned that the above precaution was not 
necessary the method of taking the samples was modified. Instead 
of lowering the cans, only the intake end of the hose was lowered to 
the desired depth, and two cans, as samples were generally taken in 
duplicate, were connected in series and were lowered into the water 
right side up only far enough to completely immerse them. Enough 
water was then pumped through to thoroughly flush them, and their 
further treatment was the same as indicated above. 

The arrangement of tbe apparatus for the process of boiling the 
water and collecting the gas is shown in fig. 3. The can is placed on 
a plumber's torch (D) and a block tin condensing tube (E) which 
possesses a hose coupling at one end, is attached to the apex tube of 
the can. The other end of this passes under a glass receiver (F) in 
which the liberated gas is collected. At the upper end of the tube, 
there is a stop-cock (G) through which this tube and the tube of the 
can are filled with boiled water so as to remove all traces of air from 
them. The tin discharge tube is coiled at the lower end and this por- 
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tion together with most of the receiver is immersed in eold water. 
This enables one to control the bumping resulting from the vigorous 
boiling and, in this way, prevents its becoming violent enough to dam- 
age the receiver. It also enables one to control the amount of steam 
entering the receiver. If too much steam is admitted the receiver will 
be filled to overflowing and some of the dissolved gases will be forced 
out along with the steam. During the process of boiling, the lower 




end of the discharge tube and the lower end of the receiver are im- 
mersed in a small basin of mercury so as to maintain a mercury seal, 
but the gas is collected over water in the receiver. The sample of 
water is boiled vigorously for about five minutes. At the end of this 
time the boiling is stopped, the receiver is raised out of the cup of 
mercury and the gas obtained is transferred from the receiver to a 
water-jacketed burette for analysis. 
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The quantity of this gas is then noted and it is transferred to a 
pipette containing a strong solution of KOH which absorbs the car- 
bon dioxid. The residue is then returned to the burette and meas- 
ured, after which it iB transferred to a pipette containing either 
phosphorus or an alkaline solution of pyrogallie acid for the removal 
of the oxygen. Phosphorus was used almost entirely for this pur- 
pose as it was more convenient, requiring no attention after the gas 
was transferred to the pipette until the oxygen was all absorbed. 
The gas remained in contact with the moist sticks of phosphorus for 
5 or 10 minutes. For purposes of comparison the pyrogallic acid 
pipette was occasionally used for the duplicate samples in order to 
check the phosphorus method. Occasionally also samples were ob- 
tained from which the phosphorus would not absorb the oxygen in 
spite of the fact that 25 to 35 per cent of the gas was oxygen, and in 
such instances pyrogallic acid was used. In general the gas which 
remained after the removal of the carbon dioxid and oxygen was 
regarded as nitrogen. In some lakes, however, this residual gas 
from samples of the lower water contained more or less methane as 
will be noted later. 

A small thermometer was fastened between the burette tube and 
the water-jacket tube and the temperature of the water surrounding 
the burette was noted at the time of reading the gas volumes and 
in the calculations this has been regarded as the temperature of 
the gas. The barometer readings at the Madison Station of the 
IT. S, Weather Bureau, with corrections for the differences in elevation 
between the weather station and the various lakes, have been used in 
making the computations. 

In this method of boiling the gas was driven from the sample 
can over into the receiver against a pressure a little greater than 
that of the atmosphere. This raised the question whether the gas 
was all driven over into the receiver during the usual period of 
boiling and about a dozen tests were made in order to answer this 
query. Two small stop-cocks were soldered into the tin condensing 
tube near its lower end. One of these was arranged so that the 
tube leading to the regular receiver could be closed at will, and 
opening the other connected the discharge tube with a series of three 
bottles as shown in fig. 4. The first bottle (O) was used as a re- 
ceiver for the gas and waB completely filled with boiled water still 
hot. The second (B) was only partially filled with water and the 
air space in it was connected with an exhaust pump by one tube and 



BOOPE AND METHODS OF THE INVESTIGATION. 



with the third bottle (D) by another. The third bottle contained 
some mercury and a barometer tube (Q) which served to indicate 
the amount of decrease in the atmospheric pressure during the boil- 
ing process. The first and second bottles were kept under water 
during the experiment. A sample was boiled 5 or 6 minutes in the 




i lined for boiling the sample of water under d 

Hmiain v is uvwc iu which the ssb 1b collected, bottle B la connected » 
exhaust pump through tube T, and bottle 1) eoDtati 



usual way, that is, the gas was forced over into the receiver against 
a pressure slightly greater than one atmosphere. Then the stop-cock 
leading to the regular receiver was closed and that leading to the 
series of bottles was opened and the boiling wa3 continued for 5 to 
20 minutes under a pressure considerably less than one atmosphere. 
In one experiment the height of the mercury column in the barometer 
tube was only 150 mm. but in most cases it was about 230 mm. 
The sample container itself was so arranged that the stop-cocks could 
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be covered with water and as many of the connections as possible 
were kept under water in order to prevent leakage of air during the 
boiling under diminished pressure. Carbon dioxid came off in con- 
siderable quantities and doubtless would have continued to do so un- 
til the water was boiled to dryness, as other observers have found. 
Only a very small quantity of gas was left in each experiment, how- 
ever, after the carbon dioxid was absorbed. The average of several 
trials amounted to 0.2 cc. of gas per liter of water, the minimum 
being 0.06 cc and tie maximum 0.6 cc. The quantity of the resid- 
ual gas was so small that it was difficult to determine whether part 
of it was oxygen or not but the residual gases from two experiments 
contained no oxygen whatever, while six other tests showed from 0.02 
to 0.06 of a cubic centimeter of oxygen per liter of water. These 
experiments show then, that not enough gas, especially oxygen, was 
jyCwo trials showed, also, that in the regular method practically all 
rlost by the regular method of boiling to affect the results appreciably. 
\i the gas was driven over into the receiver by a vigorous boiling ' 
lasting only 3 minutes and in another test the same amount of oxygen 
and nitrogen was obtained from duplicate samples, one of which 
was boiled 3 minutes and the other 10 minutes. 

Some determinations were also made with a Tenax apparatus 
but the results obtained were so unreliable that the apparatus was 
discarded. Muller, 1 Cronheim," Knauthe* and others, also, have 
found that the Tenax apparatus does not give reliable results, the 
oxygen generally being too low and the nitrogen too high. 

The results of the first season's campaign showed that a more 
thorough study of the dissolved oxygen waB very desirable and, as 
the boiling method required so much time for each sample that it did 
not permit the handling of a large number daily, it was abandoned 
and a titration method was adopted for the determination of the 
oxygen. This resulted, of course, in the discontinuance of regular 
determinations of the dissolved nitrogen, but it was felt that a more 
extended knowledge of its quantity and distribution was not so im- 
portant as a more detailed study of the oxygen, because the former 
gas seems to play no appreciable role either chemically or biologically 
in the lake waters and its distribution is very similar in the differ- 

i Plfiner ForschungBberlchte, X, p. 1S3, 1903. 

» Ploner Forschungaberlchte, XI, p. 282, 190*. Zeltschr. Angew. Cbem. XX, 
p. 1939, 1907. 
■ Dae Siisawasser, p. 128 and 143, 1907. 
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ent lakes, depending apparently on purely physical factors. Some 
preliminary tests with both the Winkler 1 and Mohr a methods of 
determining dissolved oxygen showed that the former was more con- 
venient for field work and gave results equally reliable, so it was 
adopted and has been used regularly since the first season (1905). 
During the summer of 1906, 69 determinations of oxygen were made 
in duplicate using both the boiling and the Winkler methods on 
samples taken at the same time and at the same depths. This was 
done for the purpose of determining how closely the two methods 
would check when subjected to field conditions. These teste were 
made on water which did not contain less than 0.8 cc. of dissolved 
oxygen per liter, nor more than 14 cc In 15 cases out of the 69 the 
results were exactly the same by both methods. The following 
tables show the results of the other determinations. 

Table I Amount of oxygen greater by boiling method. 



Cc. per titer. 


No. of determinations. 


0.1 


14 


0.2 


12 


0.3 


4 


0.4 


2 


0.5 


S 


0.6 




0.7 




0.8 


1 


0.9 


1 



It will be noted that the average difference for 30 of t 
observations in table I is only 0.16 cc. 



Table II Amount of oxygen smaller by boiling method. 


Co. per liter. 


No. of determinations, 


0.1 
0.3 
0.3 
0.4 


11 

.... 



In table II the average difference is only 0.15 cc. 

iBsriehte der deutscn. cnem. Geeellsch., XXI, p. 2843 (1888), and XXII, p. 
1S64. (1889). 
i Konig und Krauch, Zeit. Anal. Ctaemle., XIX, p. 268, 1880. 
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Out of the 54 results shown in these tables, 43 Lave differences 
not exceeding 0.2 ce. per liter of water. Duplicate samples treated 
by the same method not unfrequently show greater differences than 
this. These 43 results together with the 15 in which the results 
were exactly the same constitute 84 per cent, of the total number of 
comparisons made (69). Only 4 determinations' gave results 
differing by more than 0.4 ce. per liter and these larger differences 
were found in samples which contained not less than 6.5 ce. 
of oxygen per liter of water. Considering the unfavorable condi- 
tions to which the two methods were subjected in the field, the re- 
sults are as concordant as could be expected, and they also show that 
no break in the series of observations was caused by the change in 
methods. The results for 5 sete of observations are given in the 
following table, the dissolved oxygen being stated in cubic centi- 
meters per liter of water : 

Table III. 



Lake. 


Date, 1908. 


Depth. 


Winkler. 


Boiling. 




May35 


m. 

13.5 

17.5 

30 

33 


7.25 

5.88 
5.88 
5.16 

4.17 


7.20 
6.25 
6.90 
5.10 
4.10 




July 17 


m. 
8 
10 
13 


6.30 
5.03 
2.44 
0.95 


6.40 
5.20 
3.35 
0.78 






m. 

10 

13 

15 

45 

66.5 


6.01 
6.30 
4.98 
4.90 
5.31 
0.91 


6.00 
5.21 
4.96 




5.64 
1.02 




August 30. 


On. 
3.5 
4.0 
5 

10.5 


6.04 
14.73 
13.62 
7.23 
8.09 


6.10 
15.12 




7 47 
3.96 






m. 
4 

4.5 
5 


6.46 
8.76 
9.34 
6.40 


6.65 
7.09 
9.46 
6.35 
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Chlopin 1 concluded from his experiments in comparing the gaao- 
metric and Winkler methods that the latter gave very good results, 
a dozen tests on waters from various sources averaged 4.723 cc. of 
oxygen per liter by the former method and 4.751 ce. by the latter. 

Solutions Required foe Winkler's Method. 

1. Manganous chlorid solution. Dissolve 200 grams of MnOl*, 
free from iron, in distilled water and dilute to 500 cc. 

2. Solution of sodium or 'potassium hydroxid and potassium 
iodid. Dissolve 180 grams of either NaOH or KOH and 75 grams 
of KI in distilled water and dilute to 500 cc. This solution con- 
tains more KI than the amount usually recommended which is 10 
grams per 100 cc of solution. It was found, that for waters con- 
taining a large excess of oxygen, 1 cc. of the weaker solution did not 
contain enough iodin for 250 cc. of water. The NaOH and KOH 
must be free from nitrites. 

3. Hydrochloric acid, concentrated, chemically pure. 

4. Sodium thiosulphate solution. Dissolve 2.48 grams of chemi- 
cally pure, recrystallized NasS,0» B H*0 in 1000 cc of distilled 
water. This gives approximately a N/100 solution. The solution 
gradually loses strength but the addition of 4 cc of normal NaOH 
per liter will make it much more stable. If kept in a well stoppered 
jug, it will hold its strength for several weeks, but one should take 
the precaution to standardize it once or twice a week at least against 
a N/100 solution of KjOrjOr. In actual field work when considerable 
thiosulphate solution is being used daily, it has been found more con- 
venient to nee a solution somewhat stronger, J*, to -^ or even stronger. 

5. Standard bichromate solution. Dry some chemically pore 
K 2 Cr 2 T at a temperature of 130° for half an hour and let it cool in 
a desiccator. Dissolve 0.4908 g. of the dried Kj0r,O T in 1000 cc 
of distilled water. This gives a N/100 solution and 1 cc.=0.00008 
g. or 0.055825 cc of oxygen at 0° and 760 mm. This solution is 
very stable and a quantity of it may be made up and kept in stock 
in a well stoppered bottle. The thiosulphate solution iB standardized 
as follows : — 25 cc. N/100 KjCr s O T are measured into a casserole, 
1 cc of the NaOH-KI solution is added and then 2 cc. of concentrated 
HC1. This is now titrated with thiosulphate and from the result oB- 

i Arch. Hyg., XXVII, p. 18-23. 1896. 
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tained, the oxygen equivalent of 1 cc. of the thiosulphate solution may 
be determined, or the amount of thiosulphate required in the titration 
is substituted directly into a formula which appears on & subsequent 
page. 

6. Starch solution. Mix 1 gram of good potato starch with 25 ec. 
of cold water and stir until the starch is all emulsified ; pour slowly 
into about 200 cc of boiling water, and continue the boiling for a 
few minutes. Allow this to stand long enough to settle thoroughly 
and use only the clear supernatant solution as the indicator. The so- 
lution may be preserved by adding a few drops of chloroform and 
shaking well. 

Psooubiito Samples foe the Wisklbb Method. 

Great care must be exercised in taking samples of water in order 
to avoid undue exposure to the air. If the water is not saturated 
with oxygen, it will absorb some upon exposure to the air, or if it 
contains an excess, it will give up some of its oxygen upon exposure. 
Even for surface samples, the water should not be poured into the 
bottle, nor the bottle simply immersed and the air allowed to bub- 
ble out because air may be mechanically entrained in the water by 
such manipulations. 

As already stated, the samples of water in these investigations have 
been obtained by means of a pump and hose. The intake end of the 
hose is lowered to the desired depth, enough water is pumped up to 
flush the hose and pump thoroughly, and then 5 to 10 liters of water 
are strained for a plankton catch. A short piece of gas pipe to which 
a small rubber tube is attached, is thrust into the outer end of the dis- 
charge hose. The outer end of the small rubber tube is placed in the 
bottle, extending to the bottom, and the bottle is filled by a gentle cur- 
rent of water. About 3 or 4 times as much water as the bottle will 
hold is pumped through in order to flush the bottle thoroughly and 
thus insure the removal of all water that has been exposed to the air. 
The small tube is removed from the bottle while a current of water is 
still passing into it and the stopper is then inserted in the bottle care- 
fully So that no air bubbles are enclosed. Care must be exercised also 
to see that all connections and the pump are kept air tight. Three 
samples are taken from each depth, two in duplicate for the deter- 
mination of the oxygen and the other for the determination of the 
carbon dioxid. 
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Heavy walled magnesium citrate bottles have been found most con- 
venient for the collection and subsequent manipulation of samples. 
The stoppers of these bottles consist of porcelain or metal tops which 
bear rubber caps. In bottles having metal tops, the rubber caps pro- 
tect the metal and prevent its coming in contact with the water and 
chemicals. These stoppers are wired on the bottles in such a way 
that an extra pressure is put upon the water when the bottles are 
closed. This extra pressure tends to prevent the escape of excess 
oxygen when the water is supersaturated, and it also keeps die water 
from giving up any of its dissolved oxygen when there is an increase 
in the temperature of the water after the sample is taken. The bottles 
firBt used had a capacity of 850 to 400 cc. but those now in use have 
a capacity of about 250 cc. For convenience in handling, they are 
kept in small wooden boxes which have compartments for 16 bottles. 
Each bottle bears a number 80 that a record of the samples can be 
made readily. 

The exact thickness of the stratum of water from which a sample is 
obtained is unknown, of course. Pumping up 10 to 15 liters of water 
from any depth does undoubtedly cause some disturbance of the water 
at that depth which results in more or less of a mixture. In addition, 
also, the samples taken in windy weather, when the boat is being 
tossed by waves, would represent a mixture of a still thicker stratum 
of water. Generally, the change in the gas content in the water both 
above and below the thermocline is so gradual that this mixture makes 
very little if any difference whatever. In the region of the ther- 
mocline, however, there is frequently a very sudden change in the 
quantity of dissolved oxygen and it is very desirable to have as little 
mixture of the sample water here as possible and every precaution 
should be taken to avoid it. That the mixture is confined within 
narrow limits even here, is shown by the fact that very decided differ- 
ences in the quantity of dissolved oxygen may he found at half meter 
intervals. For example, one observation shows a rise from 6.0 ce. of 
oxygen per liter of Water to 16 ec in half a meter ; another, a drop 
from 16.1 cc to 5.2 cc in half a meter and this decreases to 0.1 cc. 
in the next half meter; still another shows a drop from 14 ec to 1.9 
cc. in half a meter, and several others show increases or decreases 
nearly as large in proportion. These results seem to show then that 
samples taken in this manner do not represent any greater mixture of 
the water than would be obtained by the other methods usually em- 
ployed, such, for instance, as the water-bottle method, in which the 
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sample represents a mixture of a stratum of water a quarter of a meter 
or more in thickness. 



Adding the Chkmicai-s. 

The sample bottle containing about 250 cc. of water is carefully 
opened and 1 cc of the MnClj solution is added with a pipette long 
enough to reach the bottom. Then 1 cc. of the NaOH-KI solution is 
added in a similar way ; the bottle is closed so as to exclude air bub- 
bles, and shaken vigorously. The manganous chlorid reacts with the 
sodium hydroxid forming a precipitate which is manganous hydroxid. 
Some of the manganous hydroxid unites with the oxygen that is dis- 
solved in the water to form manganic hydroxid. The manganous 
hydroxid precipitate is white but the color changes to brown when it 
is oxidized to manganic hydroxid. The bottle should be thoroughly 
shaken so that all of the water comes into contact with the mangan- 
oua hydroxid precipitate. Allow the precipitate to settle for a few 
minutes, then open the bottle and introduce 2 cc. of concentrated hy- 
drochloric acid just above the precipitate. Close the bottle and shake 
thoroughly. In the chemical reaction which takes place between 
the hydrochloric acid and the manganic hydroxid, chlorin is liber- 
ated and this reacts with the potassium iodid liberating iodin. The 
amount of iodin set free is proportional to the amount of oxygen dis- 
solved in the water. 

The sample of water should be carried thus far as soon as possible 
after it is collected. Usually a series of samples consisted of a con- 
siderable number and it was found rather inconvenient to add the 
chemicals at the time they were taken. So the whole series was ob- 
tained and taken ashore before the chemicals were added to any of 
the samples. This usually meant that from half an hour to two or 
occasionally very nearly three hours elapsed between the taking of 
some samples and their treatment with chemicals. The samples were 
not exposed to direct sunlight during this time. Some tests were 
made both in the laboratory and in the field to determine whether 
any marked changes take place in the quantity of oxygen during the 
time elapsing between the taking of a sample and the addition of the 
chemicals. Several samples were taken at the same time and from 
the same depth. Chemicals were added to two of them immediately 
after taking and the others, in sets of two, were kept for various per- 
iods of time, up to 8 hours, before they were treated with chemicals. 
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The results show that for a period of 5 to 6 hours after being taken, 
the differences between successive sets of samples are no greater than 
between duplicate samples which have been treated exactly alike. At 
the end of 8 hours, however, a distinct decrease in the quantity of 
oxygen was noted. This would indicate then that samples may be 
kept for three hours or more without any marked change in the quan- 
tity of oxygen if they are properly eared for. The following results 
were obtained in two tests made on surface water. Duplicates were 
used in each case and the results given are the average of the two sam- 
ples. The time column indicates the length of time that elapsed be- 
tween the taking of the sample and the adding of the chemicals, those 
marked zero being dosed with chemicals immediately after taking. 
Experiment I. Experiment II. 



September 10, 1903. 


September 


12, 1908. 


Time. 


Cc. of 0, per ]. 


Time. 


Gc. of 0, per J . 




6.43 

6.67 
6.57 
6.45 


fare 



























The samples used in these experiments were allowed to stand on 
a table in the laboratory at some distance from a window. The tem- 
perature of the room was 25° to 26° and the temperature of the water 
at the time the samples were taken was 22.5°. Spitta 1 states that he 
did not find a very large decrease in the dissolved oxygen in most 
eases by letting the sample stand 24 hours. 

Experiments by Gill 2 , Seyler 8 , and Dost* show that water loses its 
dissolved oxygen very slowly through a rise in temperature, even when 
more or less freely exposed to air. Seyler states that a rise of 10° 
is without noticeable effect on the dissolved oxygen and that the gas- 
eous solution remains supersaturated and only parts with the extra 
oxygen upon vigorous shaking. 

The samples may be titrated with thiosulphate in a few minutes 
after the addition of the hydrochloric acid, i. e., as soon as all or 



i Archiv f. Hygiene, XXXV11I, p. 215. 1900. 

* Tech. Quart., V. p. 260. 1893. 
'Cbem. News, LXVII, p. 87. 1 893. 

* Review In Chem. Centralbl., LXXVII, p. 1457. 
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nearly all of the precipitate is dissolved, or they may be kept for 24 
to 48 hours without any appreciable change. But experiments have 
shown that the results are not very reliable if the titration is delayed 
much longer than 48 hours. Samples should not be exposed to direct 
sunlight after the addition of the hydrocholoric acid. In titrating, 
tne sample is rinsed into a white dish, a clear white casserole serving 
the purpose admirably, and thiosulphate is added until the color is 
reduced to a faint yellow ; a small quantity of the starch solution is 
now added; then enough thiosulphate is added drop by drop to dis- 
charge the blue color and the quantity of thiosulphate solution re- 
quired is recorded. 

Calculation of Results. 

The amount of oxygen dissolved in water may be expressed in 
three ways: In parts per million, in cubic centimeters of gas per 
liter of water at 0° and 760 mm. pressure, and in per cent, of satura- 
tion. 
Formulae for calculating results: 

, n . . .... O.OOOOBnX 1,000,000 80n 

1. Osyyen in parts per million = — — ' = — 



3. Oxygen in per cent, of saturation 



_ 0.055625nX 1,000 X 100 _ 5582.5n 
v X o v o 



In these formulae, n = the number of cc. of j^- thiosulphate solu- 
tion; v = capacity of the bottle less 2 cc, the volume of water dis- 
placed by adding the MnCl 2 and NaOH-KI solutions ; and O = the 
amount of oxygen in cc. per liter in water saturated at the same 
temperature and pressure. 

Different strengths of thiosulphate solution have been used in these 
investigations and the following formula has been found more con- 
venient for the calculations: 

... 0.055825 Xl.OOOXbX n 66.835 bn 
Oxygen in cc. per liter =■ ; — - = j 

In this formula b = the number of cc. of potassium bichromate 

solution used in standardizing the thiosulphate, i. e., 25 cc.; n 1 = the 

number of cc. of thiosulphate required in the standardization against 

25 cc. of N/100 potassium bichromate; and n = tiie number of cc. of 

thiosulphate required for the sample of water. For example, taking 

an actual observation, we have, capacity of bottle = 247 cc. and this 
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leas 2 ce., the amount of water displaced by chemicals, gives 245 cc ; 
thiosulphate solution required for sample = 23.7 cc ; thiosulphate re- 
quired for 25 cc. of N/100 K s Cr 2 7 =21.65 ce. Substituting these 
values in the formula we have gJgXJ^^l! =6.23 cc of 
oxygen per liter of water. The temperature of the water at the time 
of taking the above sample was 21.3° and at this temperature it re- 
quires 6.13 cc. for saturation. The percentage of saturation is, 
therefore, 101.6. 

Frequently it is desirable to calculate the percentage of saturation 
and the table which has been used for these calculations is given be- 
low. It is based on the one given by Roscoe and Lunt 1 for fully 
aerated distilled water for each half degree between 5° and 30° and 
for an observed pressure of 760 mm. The other fractions of degrees 
have been interpolated. The values below 5° are based on Whipple 
and Parker's 2 extrapolated results which are not strictly accurate. For 
water having a temperature of 0.1° Winkler* gives 10.14 cc of oxy- 
gen per liter as the amount required for saturation and Pettersson and 
Sonden* give 10.1 cc for water at 0°. 

With respect to the accuracy of the results for dissolved gases, it 
is scarcely necessary to remark that, where the temporary field labor- 
atory is set up in a few minutes in the shade of some tree or building, 
and is equipped with burettes, pipettes, boiling apparatus, and the 
accessories necessary for operating them, together with a few boxes 
for work tables, it is impossible to obtain results that are as refined 
and accurate as could be obtained in a well equipped, permanent 
chemical laboratory and no such claim is made for these results. On 
the other hand, however, every precaution has been taken to reduce 
the possibilities of errors and inaccuracies to as low a term as pos- 
sible. It has been the aim to use apparatus and methods which are 
best adapted to meet the field conditions and which at the same 
time will give the most accurate results obtainable under the circum- 
stances. Both apparatus and methods have been thoroughly tested 
under laboratory as well as field conditions before being finally adopted 
for general use and the differences in results under the two kinds of 
conditions were generally found to be within the limits of error of 
laboratory conditions. 

* Cnem. Soc. Jour., LX, p. 569. 

a Trans. Amer, Mlcroacop. Soc., XXIII, p. 110. 1902. 

» Berlchte der deutsch. ch'em. Gesellsch., XXIT, p. 1764. 1888. 

* Berichte der deutsch. chem. Gesellsch., XXII, p. 1439. 1S89. 
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Table IV. — Shooing the number of ee. of 


oxygen 


at 0° and 760 mm., required to 


Maturate a titer of dittilled water at temperaturee between 0° and S9.90" 






o 


> 


2 


■ 


4 


t 


8 


1 


8 


» 


0° 


9.700 


0.680 


9.660 


9.640 


9.620 


9.600 


9.578 


9.556 


9.534 


8.512 


1° 


9.490 


0. 468 


9.446 


9.424 


9.402 


9.380 


9.360 


9.340 


0.320 


9.300 


2° 


9.280 


9.2G0 


9.240 


9.220 


9.300 


9.180 


0.160 


B.140 


9.120 


9.100 


3° 


9.080 


9.060 


0.040 


9.020 


9.000 


8.980 


8.958 


8.936 


8.914 


8.692 


4° 


8.870 


8.852 


8.824 


8.816 


8.796 


8.780 


8.760 


8.740 


8.720 


8.700 


5° 


8.680 


8.660 


8.640 


8.020 


8.600 


8.580 


8.562 


8.544 


8.520 


8.506 


6° 


8.490 


8.472 


8.454 


8.43) 


8.418 


8.400 


8.382 


8.364 


8.346 


3.328 


7° 


8.310 


8.292 


8.274 


8.256 


8.238 


3.220 


8.202 


8.184 


8.166 


8.148 


8° 


8.130 


8.112 


8.004 


8.076 


8.058 


8.040 


8.022 


8.004 


7.986 


7.968 


9° 


7.950 


7.932 


7.914 


7.896 


7.878 


7.860 


7.842 


7.824 


7.806 


7.788 


10° 


7.770 


7.752 


7.734 


7.716 


7.698 


7.680 


7.664 


7. 648 


7.632 


7.616 


11° 


7.600 


7.584 


7.568 


7.552 


7.538 


7.520 


7.504 


7.488 


7.472 


7.456 


12° 


7.440 


7.424 


7.408 


7.392 


7.376 


7.360 


7.344 


7.328 


7.312 


7.206 


13° 


7.280 


7. 204 


7.248 


7.232 


7.210 


7.200 


7.184 


7.168 


7.152 


7.13S 


14° 


7.120 


7.104 


7.088 


7.072 


7.056 


7.040 


7.024 


7.008 


6.992 


6.976 


15° 


6.960 


6.946 


6.932 


6.918 


6.904 


6.890 


6.876 


6.862 


6.848 


6.834 


16° 


6. 820 


6.806 


6.792 


8.778 


6.764 


6.750 


6.736 


0.722 


0.708 


6.604 


17° 


6.680 


6.666 


6.652 




6.624 


6.610 


0.5B6 


6.582 


6.568 


6.554 


18° 


6.540 


6.536 


6.512 


0.498 


6.484 


6.470 


6.456 


6.442 


6.428 


6.414 


10° 


6.400 


6.388 


6.376 


6.364 


6.352 


6.340 


6.328 


0.316 


6.304 


6.292 


20° 


6.280 


6.268 


6.250 


fl. 844 


6.332 


6.220 


6.208 


6.196 


6.184 


6.173 


21° 


6.130 


6^148 


6.136 


6.124 


6.112 


6.100 


6.088 


6.076 


6.064 


6.052 


22° 


6.040 


6.030 


0.020 


6.010 


6.000 


5.990 


5.080 


5.970 


5.060 


5.950 


23° 


5.940 


5.930 


5.920 


5.910 


5.000 


5.890 


5.880 


5.870 


5.860 


5.850 


24° 


5.840 


5.832 


5.824 


5.810 


5.808 


5.800 


5.792 


5.784 


5.776 


6.768 


25° 


5.760 


5.752 


5.744 


5.736 


5.728 


5.720 


5.712 


0.704 


5.096 


5.688 


2S° 


5.680 


5.672 


5.664 


6.666 


5.648 


5.640 


5.632 


5.624 


5.616 


5.608 


27° 


5.600 


5.594 


5.588 


5.582 


5.576 


5.570 


5.564 


5.558 


5.552 


5.646 


26° 


6.540 


5.534 


5.528 




5.516 


5.510 


5.064 


5.498 


5.492 


5.486 


20° 


5.480 


5.474 


5.4U8 


5^402 


5.456 


5.450 


5.446 


5.442 


5.438 


5.434 



i determinations have been regularly made in duplicate by 
the Winkler method and generally also by the boiling method, in or- 
der to cheek the results and the average of these two determinations 
has usually been regarded as the result. In making determinations 
by the boiling method nearly 3 liters of water were used instead of 
the smaller quantity usually employed, that is from 100 cc. to 1000 
ee. This larger sample of water yielded a larger quantity of gas 
whose volume could be more accurately read in the burette and also, 
the errors were thus distributed over a larger volume of water, 
and, consequently were proportionately reduced in the subsequent cal- 
culations rather than multiplied. The gas was collected over water 
and water was also used in the burettes as it was found impracticable 
to use mercury for these purposes. Some experiments showed, how- 
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ever, that no appreciable amount of gas was absorbed by the water in 
the receiver and burettes, the water in the former very generally being 
kept at a high temperature so that its absorption coefficient would be 
low ; and many determinations were made which showed no trace of 
oxygen, thus indicating that no oxygen was given up by the water of 
tie receiver and burettes during the determinations. In general it 
may be said also that each set of observations forms such a consistent 
series that any serious error or inaccuracy could be readily detected 
when the results were platted, but only a few observations out of the 
hundreds that have been made, have had to be rejected on account 
of irregularities. 

Determination of Cabbon Dioxid. 

Several methods have been suggested for the determination of car- 
bon dioxid in water. After a series of experiments in which three of 
the modifications of the Pettenkofer method were tested, Ellms and 
Beneker 1 reached the conclusion that Seyler's modification, fre- 
quently called the Seyler method, gives the most accurate results. 
This method has been used in these investigations.- It is fully de- 
scribed by Seyler 1 in the Chemical News, and to this the reader is 
referred for more complete information. 

Solutions required. For the determinations by this method four 
solutions are required, a standard alkali solution, a standard acid 
solution, and two indicators, phenolphthalein and methyl orange. 

1. Solution of sodium carbonate. Dissolve 53.05 grams of freshlj 
fused, chemicaflly pure NajCOa in 1000 cc of freshly boiled dis- 
tilled water. This gives a normal solution and a weaker solution 
of any desired strength may be made from this by diluting with 
freshly boiled distilled water. The solution should be kept in a 
well stoppered, hard glass bottle and should be exposed to the air as 
little as possible as it will absorb carbon dioxid and change to bicarbon- 
ate and thus become useless for the titrations. At the time of making 
the solution and also occasionally afterwards, it should be standardized 
against an acid of known strength, N/10 H 2 SO» is probably most 
satisfactory for this purpose. 

2. Hydrochloric acid. A normal solution of this acid requires ap- 
proximately 77.5 cc. of concentrated HC1 (specific gravity 1.2) to 
1000 cc. of distilled water. This solution may then be easily diluted 
to any desired strength. It should be standardized after dilution, , 
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against the standard Na,CO s solution. The standard alkali and acid 
used for most of these investigations have been N/44. 

3. Phenolphthalein. Dissolve 5 grams in 1000 cc. of 50 per cent, 
alcohol. 

4. Methyl orange. Dissolve 1 gram of the powder in 1000 cc. of 
distilled water. 

Method of procedure. In making a determination, 100 cc. of 
water are put into a 100 cc Neaeler tube or a tall beaker having a 
small diameter, and about 2 or 3 drops of the phenolphthalein solution 
are added. If the water is acid, that is contains free carbon dioxid, 
no pink color will appear upon the addition of the indicator. Sodium 
carbonate solution should then be added from a burette, care being 
taken to stir the sample thoroughly after each addition of sodium car- 
bonate, until a faint pink color remains permanent for three or four 
minutes. If the water contains much free carbon dioxid great care 
is necessary to prevent its loss as the water will give it up readily 
upon exposure' to the air. For such a water it is best to make a Becond 
titration in which nearly as much Bodium carbonate as was used in the 
first, should be added at once after the second sample is measured out 
and, when the pink color has nearly disappeared, sodium carbonate 
should be added drop by drop until the end point is reached. 

If only a very faint pink color appears when the pnenolphthalekt 
is added to a sample of water, it may be regarded as neutral. Some 
waters, however, will show a decided pink color which indicates that 
they are alkaline. In such a case enough standard acid should be 
added to reduce the color to a very faint pink, the sample being 
stirred thoroughly after each addition of acid. 

For die determination of the fixed carbon dioxid, measure out 100 
cc. of water, add about 3 drops of the methyl orange solution, and 
then enough of the standard hydrochloric acid to change the color 
from yellow to pink. When the water is neutral or alkaline this titra- 
tion may also be made on the sample used for the phenolphthalein 
titration. When the end point is reached with phenolphthalein, add 
methyl orange and continue the titration. This may also be done with 
a sample which has been used for the determination of the free carbon 
dioxid but it is necessary to deduct the amount of sodium carbonate 
solution added to the water from the quantity of acid used in the 
titration. Generally, however, it is an economy of time to measure 
out a new sample of acid water for the determination of the fixed 
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carbon dioxid, as the titration can easily be made while waiting for 
the end point in the titration with phenolphthalein. 

Seyler (loc. cit. p. 104) states that these volumetric methods are 
based on the following facts: 

1. Carbonates are alkaline to phenolphthalein, bicarbonates are 
neutral, and free carbon dioxid is acid. 

2. Methyl orange is unaffected by carbon dioxid, hence the bases 
present as carbonates and bicarbonates can be titrated at once with 
standard acid (Na,0O t +2HCU=2NaCl+H I O+CO 1 ). The bicar- 
bonates of calcium and magnesium are neutral to phenolphthalein. 
From this fact the following conclusions are drawn:— 

1. If a water is neutral or acid to phenolphthalein, the "half-bound" 
carbon dioxid is equal to the "fixed." 

2. If a water is alkaline to phenolphthalein, it can contain no 
free carbon diosid and the "half-bound" will be less than the "fixed" 
by an amount determined by titration with acid until it is neutral 
to phenolphthalein. 

Calculation of results. The following formulae are based on 
X/44 solutions and 100 cc. of water: 
For acid water: — 

Free COj = 5 p parts per million = 2.528 p cc. per liter of water. 

Fixed CO, — 5m parts per million = 2.528 m cc. per liter of water. 

Half bound CO, = 5 m parts per million = 2.528 m cc. per liter of water. 
If'or alkaline water: — 

Fixed CO, = 5 m parts per million = 2.528 m cc. per liter of water. 

Half bound CO, =5 (m — 2p') parts per million = 2.528 (m — 2p')cc. per 
liter of water. 

• In these formulae, p= number of cubic centimeters of N/44 
Na,C0 3 ; m = cc. of N/44 HC1; and p' = cc of N/44 HC1 re- 
quired to discharge the pink color from alkaline water, and the 
amount is doubled (2p") because the same amount of acid corres- 
ponds to twice as much carbon dioxid with phenolphthalein as an in- 
dicator as with methyl orange. 

Kaiser and Leavitt 1 and Kaiser and McMaster 1 state that the acid 
carbonate of calcium seems to contain more "halfrbound" than "fixed" 
carbon dioxid. Their results agree more closely with the formulas Ca- 
C0 3 . 1.75 (H 2 CO„) and CaCO*. 1.8 (H.00,). This means of course, 
about 1.8 times as much half-bound as fixed carbon dioxid. Should 
this prove to be the ratio, it would alter the above formulae for the 
calculation of the half bound carbon dioxid so far as calcium is con- 
cerned. It would mean a much higher half bound carbon dioxid 
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content for those lakes whose waters bold a considerable amount of 
calcium bicarbonate in solution. It has seemed best, however, to 
retain the old formula for acid calcium carbonate and the results 
have been computed on that basis. 

The results as calculated from the field notes are recorded on cards 
5x8 in. in size which can be placed in filing cases and readily 
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Fig. 5.— Record e 
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water la 

bicarbonate. 

ilea Indl- 



Tbe depth Is Indicated In the first column, 
depths at which plankton catches are mai_ . .._ .. 
recorded In the third. The carbon dloxld la shown as tree, hall _ 
fixed oi carbonate, and the total. Under tree carbon dloxld, I 

catee alkaline water and the plus sign add. = oxygen, N — nitrogen, and In the 
last column the per cent, of saturation of the oxygen la shown. This card shows 
results for oxygen determinations made by both the boiling and titration methods. 
Those followed by results lor nitrogen were made by the boiling method and the 
remainder by Winkler's method. The residual gas from the muddy bottom water 
which la recorded as nitrogen very probably contained some methane. 

referred to when occasion demands. A complete set of observations 
is recorded on each card and the accompanying illustration (fig. S) 
shows the items indicated thereon; lake, date, weather conditions, 
transparency of water, depths from which samples were obtained, 
temperature of the water, free, half -bound, and combined carbon 
dioxid, oxygen, nitrogen and the per cent of saturation of oxygen. 
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CHAPTER II. 



A liter of water at 0° is capable of absorbing 41.14 cc. of oxygen 
if exposed to an atmosphere of that gas under a pressure of 760 mm., 
while under like conditions it is capable of absorbing 1796.7 cc. of 
carbon dioxid, and only 20.35 cc. of nitrogen. This difference in 
solubility accounts for the difference in the ratio between the oxygen 
and nitrogen of the air and their ratio when air is dissolved in water. 
By volume, air is composed of 20.96 per cent, oxygen and 79.04 
nitrogen, but since oxygen is more soluble in water than nitrogen, the 
air that is dissolved in water consists of 34.91 per cent, oxygen and 
65.09 per cent, nitrogen. The solubility of these gases is also 
affected by the temperature of the water, the higher the temperature 
the smaller the quantity of gas capable of being absorbed. At 20° 
for example, a liter of water will absorb only 28.38 cc. of oxygen, 
901.4 cc. of carbon dioxid and 14.03 cc of nitrogen in atmospheres 
of these gases at a pressure of 760 mm. as compared with the above 
quantities at 0°. It follows then that, when water holding these 
gases in solution is heated, they, being less and less soluble as the 
temperature rises, are given off at the higher temperature, so that 
boiling the water for a few minutes usually suffices to expel practically 
all of these gases that are merely held in solution. 

A given volume of water will absorb the same volume of a gas at 
all pressures, but, since the volume of a gas varies inversely as the 
pressure, the actual volume of gas absorbed, measured at 0° and 
760 mm., will be twice as much under a pressure of two atmospheres, 
or only half as much under a pressure of half an atmosphere. In a 
mixture of gases, such as the air, the absorption of each gas is inde- 
pendent of all the other gases present and is proportional to the press- 
ure exerted by that gas. 
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Lake Mendota. 



In presenting the results of these investigations it seems best to 
give a separate account of the studies on lake Mendota for two rea- 
sons; first because these chemieo-biological investigations have been 
carried on here longer and more thoroughly than on any other Wis- 
consin lake, and secondly because it is a good example of one type 
of lake, that is, that type whose lower water contains no free oxygen 
for a longer or shorter period during the summer. Mendota has an 
area of about 39 sq. km. and is rather irregular in outline. - It has a 
ma xim um depth of about 25 m. and an average depth of 12.1 m. 
About 30 per cent, of the area of the lake is 18 m. or more in depth, 
and 16.5 per cent, is 20 m. or more. Much of the shore is rather 
high, reaching a maximum height of about 45 m. The bed rock of 
the immediate region consists of Potsdam sandstone which possesses 
an upper calcareous stratum known as Mendota limestone. In sev- 
eral places along the shore, these rocks are freely exposed in the cliffs. 
The drainage basin has an area of about 700 sq. km. 

The relation between the thermal conditions of the water at differ- ■ 
ent seasons of the year and the gas conditions is so intimate that a 
brief Bummary of the former will contribute to a better understand- 
ing of the latter. Mendota is covered with ice from 3 months to 
nearly 5 months each year. When the lake freezes, the temperature 
of the surface water is C but that of the bottom water varies from a 
minimum of about 1° in some years to 2° or 2.5° in others. The 
water gains some heat during the winter and early spring and by the 
time the ice disappears from the lake in late March or early April, 
the average temperature will vary from about 2° to 3°. The spring 
overturn takes place at the time of the disappearance of the ice or 
very soon thereafter. This is brought about in two ways, by con- 
vection currents and by the action of the wind. So long as the tem- 
perature of the entire body of water remains below 4°, the surface 
water on being warmed, becomes heavier than the water below and 
tends to sink. In this way convection currents are started which are 
more or less effective in mixing the water. Their effect, however, 
becomes nil, as far as the lower stratum is concerned, after the 
water once reaches a temperature of 4°. At night, however, wheii 
the surface stratum cools, convection currents will be produced anil 



OXYGEN— MENDOTA. 27 

will play a part in mixing some of the upper water but such cur- 
rente will not usually extend to the lower water. 

The wind, on the other band, is a much more important factor in 
bringing about the overturn and in keeping the water in circulation 
afterwards, A wind coming from a certain direction for a few hours 
tends to set the whole body of water into rotation, especially if the 
water is homothermous or the difference in temperature between sur- 
face and bottom is not more than 2° or 3°. The surface water will 
be blown across the lake and when it reaches the leeward side it must 
return; some of it will remain at the surface and return around the 
lake; but probably tie greater portion will turn down and return at 
various depths, some of it returning along the bottom. In this way 
currents are started which mix the water at all depths thoroughly as 
long as the temperature conditions in the upper and lower water are 
such that the thermal resistance to mixture is not too great to be over- 
come by the wind. 

Tbe vernal circulation in Mendota continues more or less com- 
pletely from the time of the disappearance of the ice until some- 
time in May or early Juno, the date of the termination of the period 
varying from year to year owing to differences in weather condi- 
tions. The temperature of the entire body of water rises to 4° 
within a few days after the disappearance of the ice and the increase 
in the temperature of the upper water beyond this point increases the 
thermal resistance to its mixture with the cooler Water below. This 
results in the formation of a bottom stratum, only two or three meters 
thick at first, but gradually becoming thicker as the season advances, 
which is disturbed less and less by a mixture with the water above it 
By late May or early June this mixture ceaBes entirely in the bottom 
stratum and tbe formation of the permanent thermocline in late June 
or early July prevents the mixture of any of the water above the ther- 
mocline with that below. This means that the lower water is now cut 
off from further contact with tbe air until the autumnal overturn takes 
place. These three strata persist during the summer. The upper 
one is kept in circulation by the wind and usually has a pretty uni- 
form temperature, especially in windy weather. Its average temper- 
ature reaches a maximum of 22.5° to 25° during the summer. From 
the time that tbe thermocline becomes well established until the au- 
tumnal overturn, the temperature of the bottom water remains almost 
stationary, there being a rise of perhaps 1° or 2° during this period. 

As autumn approaches, the sun's rays strike the water at a more 
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oblique angle, the days grow shorter and the nights become longer and 
cooler. Under these conditions the upper water cooIb and as its tem- 
perature falls its density increases and the resistance to mixture with 
the lower water diminishes. The thermocline moves down and when 
the temperature of the upper water falls to within 3° to 5° of that of 
the bottom, a strong wind will bring about a complete mixture of 
the upper and lower water, thus producing the fall overturn. This 
overturning generally takes place during the latter part of Septem- 
ber or early in October and is followed by the autumnal circulation. 

Here again both wind and convection currents are involved, for the 
autumnal cooling takes place at the surface and as long as the temper- 
ture remains above 4°, the cooling surface water will become heavier 
than the water below and will tend to sink, thus producing convection 
currents which will aid the wind in mixing the water. The wind, 
however, is directly responsible for the autumnal overturning and un- 
doubtedly plays a much more important role than convection currents 
in producing the autumnal circulation even when the temperature of 
the water is above 4°. Thus it will be seen that the mere cooling of 
the water in the autumn tends to promote circulation until the tem- 
perature falls to 4°, but the wind alone must be held responsible for 
the circulation when the temperature falls below 4°. There is, then, 
a very important difference between the vernal and autumnal circula- 
tions. As long as the temperature of the water remains below 4° in 
the spring, which is a very brief period in Mendota, the warming of 
the surface water aids in the mixing and circulation throughout the 
entire depth. But as soon as the temperature of the upper water 
rises above 4° every increase in temperature tends to prevent the free 
intermixture of the upper and lower strata, for the warming takes 
place at the surface and the upper water becomes lighter than the 
lower and tends to float on it. ThiB thermal resistance to mixture and 
hence to complete circulation, becomes greater and greater as spring 
advances and the tendency of the lower water to take part in the cir- 
culation grows correspondingly smaller and smaller. As a result the 
mixture of the water from surface to bottom is not so thorough in the 
spring after the temperature rises above 4° as it is in autumn at cor- 
responding temperatures. 

In small lakes, in fact, such as Beasley, there may be no complete 
overturning of the water in the spring, especially if the temperature 
of the bottom water rises nearly or quite to 4° before the lake loses 
its coat of ice. Convection currents would then play no part in dis- 
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turbing the bottom water and a period of warm weather with compara- 
tively little wind would soon raise the temperature of the upper water 
to a point where the Wind would no longer be able to force this upper 
water down far into that below. As a consequence comparatively 
little, or in extreme cases ndne of the water above would be mixed 
with the bottom water and a condition either resembling or quite like 
that of late winter would continue until the formation of the ther- 
mocline which would insure the bottom stratum against further distur- 
bance. During cold, windy springs, however, such lakes may exper- 
ience practically a complete overturning of their waters, but the period 
of complete circulation will be very brief, for the bottom water will 
soon lag behind and assume a more quiescent condition. 

Plate I showB the temperature conditions in lake Mendota at differ- 
ent depths during the period from early May in 1906 until the fall 
overturn. The heavy lines show the conditions at the Burfaoe, 10 m. 
and 20 m. In general there was a gradual increase in temperature at 
all depths until about the first of June after which the temperature of 
the lower water remained pretty uniform. That of the upper water 
continued to increase, reaching a maximum early in August. Then 
it declined more or less regularly until early October, when the entire 
lake became homothermous. 

Winter Oxygen Conditions. Beginning with the conditions which 
obtain at the time the lake becomes completely covered with ice in 
early winter, we find that the water has a temperature of about zero 
degrees at the surface and from 1° to 2° or 2.5° at the bottom. Dur- 
ing the autumnal circulation the water becomes thoroughly mixed 
from surface to bottom and as a result the gas conditions are quite 
uniform throughout the entire depth of the lake. It is nearly 
or quite saturated with oxygen. The temperature of the water is so 
low that the life processes which exhaust the supply of dissolved oxy- 
gen are at a very low ebb. Thus the oxygen conditions may remain 
almost stationary for some time after the lake freezes over. Figure 
8 1 shows the conditions on Jan. 26, 1906, over a month after the lake 
became covered with ice. 

The sheet of ice cuts off the water from direct contact with the air 
and protects it from the disturbing influences of the wind so that 
vigorous circulation soon ceases. The upper water continues to cir- 
culate more or less for some time, however, as one can readily see 

i See explanation of figures showing dissolved Eases, p. 1*3. 
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through the ice, but the currents are not strong enough to keep the en- 
tire body of the lake in circulation. More quiescent conditions pre- 
vail in the lower water and in the course of 8 or 10 weeks there is a 
very noticeable decrease in the supply of dissolved oxygen in this 
region. (See fig. 9.) 

The decrease is brought about in two ways, (a) through the res- 
piration of animals and (b) through the decomposition of organic mat- 
ter. Early winter observations show that animal forms, both large 
and small, are generally quite as abundant in a few meters of the bot- 
tom water as at any other depth, and, in the process of respiration, 
these organisms use up some of the dissolved oxygen. But there are 
evidences which seem to show that the most important factor con- 
cerned in the depletion of the oxygen in this region is the decay of 
organic matter. Undoubtedly decomposition goes on very slowly at 
temperatures of 1° to 3°, yet when continued through a period of 
several weeks, an appreciable amount of oxygen is used up. The fact 
that the pronounced decrease takes place wholly within a stratum of 
bottom water only 4 m. or 5 m. thick which is generally not any more 
densely populated with animals than the water above, seems to indicate 
that decay is the most important factor. Then, too, the most rapid 
and greatest decrease is found in the layer of water just above the 
mud where the decomposable material is most abundant. Analyses 
show that about 40 per cent, of the dry weight of the bottom mud is 
organic matter. This decrease of oxygen continues during the win- 
ter and by the time the ice disappears in the spring there may be lit- 
tle or no free oxygen in the bottom water. On March 29, 1906, (fig. 
11) for example, nine days before the disappearance of the ice, there 
was no oxygen at 22 m. and only 0.7 cc per liter of water at 20 m. 
On March 19, 1907, five days before the lake was clear of ice, the 
amounts were 0.55 cc. at 22 m. and 2.2 cc. at 20 m. and on March 6, 
1909, (fig. 31), a month before the ice disappeared, there was no 
oxygen at 22.5 m. and only 0.39 cc at 20 m. 

Drown 1 found that about 2 m. of the bottom water of Mystio lake 
contained no dissolved oxygen on March 8, 1893, and also that there 
was none in the bottom water of Jamaica Pond on January 24, 1893. 
He also observed that the decrease of oxygen in winter with increas- 
ing depth is not so abrupt as in summer, there being a gradual fall- 
ing off. This is true also of lake Mendota and those other lakes on 
which winter observations have been made. 

i 2ith Ann. Rept. St. Bd. of Health of Mass.. 1893, pp. 333-42. 
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In the region from 1 ra. to 15 m. there is not a very marked de- 
crease in the dissolved oxygen during the winter, but the amount var- 
ies considerably in different years. In early January, 1906, the 
water of this region contained on an average about 9.5 ec per liter 
while on March 29, the average for this region was 8.3 cc This re- 
presented a decrease of 1.2 cc. or over,^ per cent in about two and 
a half months. On January 5, 1907, there were 9 cc. of oxygen per 
liter of water in this region and on March 19, 8.6 cc., a decrease of 
only 0.4 cc or 4.4 per cent, during this period of time. 

During the winter, there are sometimes very marked changes in 
the amount of dissolved oxygen in a stratum of water just under the 
ice If the ice is rather transparent and fairly free from snow, so 
that considerable sunlight passes through, the algae are able to carry 
on their photosynthetic processes on clear days and only a few such 
days are necessary for them to raise the amount of oxygen appre- 
ciably above the saturation point The result of such favorable con- 
ditions is shown in the following table : 







TABLE V 8ta. I, March 3, 1906. 




Depth . 


Temperature. 


Oxygen 
in cc. per 1. of water. 


Per cent, of 
saturation. 




0.6 
1.3 
1.9 


12.5 
12.2 
10.1 

















More frequently, however, the changes in this layer are very diff- 
erent from this. During the winter there are periods in which the 
temperature of the air rises considerably above the melting point and 
remains so long enough to produce extensive thaws. Since the ground 
is frozen so that very little water penetrates it, much of the water of 
the drainage basin resulting from the thaw, soon reaches the late. 
The amount of this drainage water depends upon the amount of snow 
and ice, the duration of the warm weather, and whether the thaw is 
accompanied by rain or not. These thaws may occur at any time dur- 
ing the winter but they are most frequent, of course, toward spring. 

With respect to the thermal condition the density of the inflowing 
water is not very different from that of the upper half-meter or meter 
of lake water because they do not differ materially in temperature; 
but there is a difference in density which is due to the difference in 
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the amounts of substances held in solution. The incoming water has 
only a small amount of dissolved Baits and for that reason, it is lighter 
than the lake water. As a result this lighter water tends to float on 
the lake water so that it spreads out just under the ice forming a layer 
which varies in thickness from less than half a meter to perhaps a 
meter. The fact that it hears silt, enables one to follow its move- 
ments over the lake easily. As this drainage water is derived largely 
or wholly from the melting of snow and ice and reaches the lake ap- 
parently before it has had time to absorb much oxygen, it is usually 
deficient in this gas and the stratum which it forms just under the 
ice is more or lees deficient in oxygen, sometimes containing less than 
50 per cent, of the amount necessary for saturation. 

As the drainage water spreads over the lake, it becomes mixed with 
more or less of the surface water and in this way it becomes stocked 
with algae. It generally contains much organic matter ho that it serves 
as a good culture medium for these algae and under favorable light 
(conditions, these plants liberate oxygen which accumulates here and 
causes Bupersaturation in part, or in some cases in all, of this stratum. 
From time to time the upper quarter meter of this region receives 
new supplies of water that is poor in oxygen so that it may be found 
supersaturated with oxygen at one time and again very deficient in 
oxygen, depending upon the amount of drainage water, or water from 
the snow and ice on the lake itself, which has been mixed with this 
stratum in the meantime. (Compare figs. to 11.) 

The following table shows some conditions which may be found 
toward spring, generally a few days before the ice disappears from the 
lake. At such times a larger amount of dissolved oxygen may be 
found in this stratum than at any other time during the winter. 
Most of the sun's energy which penetrates the ice is absorbed by this 
layer, and its temperature rises from 3° to 5° above that of the water 
2 or 3 meters below. This increase in temperature doubtless accele- 
rates reproduction in the algae and also accelerates their photosyn- 
thetic activities. As a result of these activities the quantity of dis- 
solved oxygen soon rises above the saturation point. 
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Tablb VI. 

April S, 1906. 



Depth. 


Temperature. 


Oc. ofO,. 


Per bent, of 
saturation. 




1.5 
6.25 
2.5 


5.2 
13.4 
8.« 
















April S, 1906. 


Depth. 


Temperature. 


Cc. ofO,. 


Per cent, of 
saturation. 




0.6 

5.1 
3.0 


4.6 
13.8 

9.8 

















The existence of all these peculiar winter phenomena depends pri- 
marily upon the weather and naturally there may be very noticeable 
differences from year to year. These phenomena for instance were 
much more marked in late winter in 1906 than in 1907. With re- 
spect to oxygen conditions in late winter, the lake sometimes consists of 
four strata. There is an upper, thin stratum just under the ice which 
is more or lees deficient in dissolved oxygen ; below this ia a stratum 
somewhat thicker which is supersaturated ; then comes a stratum about 
15 m. thick which generally contains 90 per cent or more of the 
amount of oxygen necessary for saturation ; and lastly a bottom stra- 
tum which is markedly deficient in dissolved oxygen, the deficiency 
sometimes amounting to its total absence from the lower part of this 
stratum. 

Winter oxygen conditions in Mendota are shown in figures 8 to 11, 
indicating results for 1906 and figures 29 to 81, 1909. (See pp. 
174, 183, for figures and pp. 152, 156, for tables.) 

Spring. The spring overturn takes place at the time of the dis- 
appearance of the ice, or within a very short time thereafter and it 
results in a pretty thorough mixing of the entire body of water. The 
water thus becomes homothermous and all of the dissolved gases are 
equally distributed throughout the entire depth of the lake. The 
ice disappeared on the afternoon and evening of April 7, 1906, and 
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on April 8 (fig. 12), the water from surface to bottom was found to 
have a temperature of 2.3° and the oxygen was very uniformly dis- 
tributed throughout the entire depth except in the bottom half meter. 
In 1907, the ice began to leave the lake on the afternoon of March 
24, and entirely disappeared during the forenoon of March 25. A 
set of observations taken during the afternoon of March 25 showed 
that oxygen conditions had become uniform down to a depth of 15 m. 
and thermal conditions to 20 m. (See fig. 24.) But the water be- 
low these depths had not yet been thoroughly mixed with the upper 
so that it contained a smaller amount of oxygen and had a slightly 
higher temperature. Five days later, however, the lake was homo- 
thermous and the amount of oxygen at the bottom was only 0.4 cc. less 
than at the surface. 

On March 29, 1906, just 9 days before the ice disappeared, the 
average oxygen content of the water down to a depth of 15 in. was 
8.65 cc per liter, or about 93 per cent of the amount necessary for 
saturation, and from 15 m. to the bottom, it was 3.4 cc. per liter. 
The amount of water below IB m. constitutes about 16.2 per cent, of 
the total volume of the lake so that a mixture of the water of these 
two regions under these conditions would have given the entire body 
an oxygen content of 7.8 cc. A set of observations on April 8, the 
day after the lake became free of ice, showed an average of 7.88 cc 
of oxygen per liter of water. ' During the 9 days intervening between 
these two sets of observations, a part of the oxygen supply of the water 
was used up, of course, but the oxygen absorbed during the process 
of overturning was a little more than sufficient to make up this loss. 
On March 19, 1907, the water down to a depth of 15 m. contained 
on an average 8.5 cc and below 15 m. it was 4 cc. A mixture of 
these two strata would give 7.78 cc but a set of observations imme- 
diately after the disappearance of the ice on March 25 showed an 
average of only 7.5 cc or 0.28 cc per liter less than would have re- 
sulted from a mixture of the water five days previously. This loss 
is most probably accounted for by the various processes going on at 
this time which were exhausting the supply of dissolved oxygen. 

During the 12 days immediately following the vernal overturn in 
1906, the quantity of dissolved oxygen increased only 0.2 cc. per liter 
of water, but the percentage of saturation rose in this period from 
86.7 to 92.0, largely as a result of the increase in the temperature of 
the water. From April 20 to May 4, the quantity of oxygen remained 
about the same, 8 cc per liter of water, but, owing to the increase in 
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temperature, the water was substantially saturated at all depths on the 
is most probably accounted for by the various processes going on at 
7.5 cc. on March 25 to an average of 8.4 cc. on March 30, a gain of 
0.9 ca per liter of water in five days. The percentages of saturation 
were 82.4 and 94.4 respectively. For the total volume of water in 
lake Mendota this meant a net increase of about 430,500 ou. m. of 
dissolved oxygen in five days or 86,100 cu, m. per day, or a total in- 
crease of about 2.2 1. per square meter of surface. There was also a 
marked lose of free carbon dioxid during this time. (See tables, p. 
16fi.) 

In 1906 the vernal circulation of the water was fairly complete 
from the time of the disappearance of the ice on April 7 till early in 
May, and in 1907 from March 25 till about the first of June. As 
long as the temperature of the water was below 4°, the entire body 
was easily kept in circulation by the wind. But when the temperature 
rose above this point, the bottom water had a tendency to lag behind in 
the mixing process because it was cooler and thus denser than the 
upper water. As a result the mixture of the water from surface to 
bottom was not complete except when wind conditions were favorable. 
Whenever there was a calm period which lasted for a few days, the 
bottom water was not disturbed and there was soon a noticeable de- 
crease in the amount of oxygen in this region. But a strong wind 
would mix the water from surface to bottom and the oxygen would 
thus become uniformly distributed. 

As the upper water became warmer, however, with the advancing 
season, the thermal resistance to its mixture with the cooler water 
below gradually became greater, until early in May, 1906, and almost 
the first of June, 1907, even a very strong wind waB no longer able 
to effect a complete mixture of the two strata. After these two periods 
the bottom water constantly lagged behind as is clearly illustrated by 
the oxygen and thermal conditions which followed. (See figs. 14, 15, 
and 26, pp. 176 and 182, and tables, pp. 152 and 165.) 

A little later the thermocline became permanently established and 
this insured the complete cessation of the mixture of the water above 
and below this region, thus completely cutting off the lower stratum 
from further mixture with fully aerated water. Thenceforth the dis- 
solved oxygen in the lower water was limited to the amount which it 
possessed at the time of its isolation, and when this supply was ex- 
hausted, this water remained devoid of free oxygen until the autumnal 
overturn. 
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Summer. In 1906, observations were made frequently enough *o 
enable one to plat the results in a diagram covering the period from 
late Bpring until the autumnal overturn. These results are shown in 
Plate II, in which the vertical spaces represent the number of cubic 
centimeters of oxygen per liter of water, and the horizontal spaces 
show the time at which the observations were made, the months being 
indicated at the top. The curves represent the different depths from 
surface to 22 m. and show the amount of oxygen at the various 
depths. In most cases the quantity of oxygen indicated in the dia- 
gram is based upon a single set of observations, but, in some instances, 
they show averages of two or three sete of observations which were 
made in close succession, that is, within a period of two or three day?. 

The diagram begins with a set of observations on May 4. At this 
time the lake was practically homothennous and saturated with oxy- 
gen from surface to bottom, having 8 cc. of this gas per liter of water. 
Then followed a period of more than two weeks during which time 
the quantity of dissolved oxygen in the 0-5 m. stratum remained 
almost the same, hut at all other depths there was a decrease. This 
period was succeeded toward the end of May by a rapid decrease in 
all of the upper water which resulted very largely, no doubt, from the 
decreased capacity for oxygen due to the rise in temperature. 

At the close of the vernal period of circulation the lower water has 
a temperature of 10° to 12° and at this temperature decay will pro- 
ceed rather rapidly. As a result, there is soon a marked decline in 
the quantity of oxygen in the lower water. By the last of June in 
1906, there was only a small amount of oxygen at 20 m. and 22 m., and 
it entirely disappeared from the 18-22 m. stratum before the middle 
of July. The water at the 15 m. level possessed only a small quantity 
of dissolved oxygen from the middle of July until the first week in Au- 
gust when it disappeared entirely at this depth also, and did not re- 
appear until after the middle of September ; and then only in smad 
quantities until the fall overturn in October. At 12 m. there was no 
oxygen for about 3 weeks in AugUBt and at 10 m. even, only a trace 
of oxygen waB found in one set of observations and in others not w 
exceed 0.1 cc. The amount was bo small that animals requiring a 
moderate supply of oxygen, such as fish, could not have lived at this 
depth during this time. The jagged appearance of the 10 m. curve 
beginning with the latter part of August and lasting until after the 
middle of September well illustrates the effect of windy and calm per- 
iods of weather at thiB season of year. A strong wind will disturb 
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the water down to thia depth by blowing the warm, aerated water to- 
ward the leeward aide of the lake, thin causing a depression of the 
thermocline on this side and a rise on the windward side. But dur- 
ing calm weather or periods of light winds, the water comes to a more 
stable equilibrium and the thermocline becomes practically horizontal. 
Hence samples from 10 m., which was in the thermocline region at 
this time, show very considerable differences in the amount of oxygen, 
depending upon wind conditions. The samples were taken at a sta- 
tion in the deep central portion of the lake but nearer the southern 
shore. Northerly winds blew the upper water toward the southern 
shore of the lake and depressed the thermocline on this side and at 
such times considerable oxygen was found at 10 m. But during calm 
weather, or periods of light winds the thermocline became more nearly 
horizontal ; or during southerly winds it was tilted to the north and 
then some of the cool, lower water which was poor in oxygen was 
found at 10 m., consequently observations made when such conditions 
existed showed smaller amounts of oxygen at this depth. 

Just after the middle of June, a gradual decrease in the quantity 
of oxygen at 8 m. began, and, with two exceptions when there were 
slight increases resulting from the disturbance of the water at this 
depth by winds, the decline continued until August 24, when a min- 
imum of ] cc. per liter of water was found. After this date the 
amount suddenly rose as a result of stronger winds and falling tem- 
perature which caused some of the upper Water to be mixed with that 
at this depth, and the quantity remained high during the rest of the 

It will be noted that the curves for the surface and 5 m. are not 
widely separated throughout most of their courses, joining at some 
points, in fact, and have the same general trend, so this region will 
be considered as a single stratum. The water of this stratum is kept 
in circulation by the wind and by convection currents during the sum- 
mer and is thus freely exposed to the air. For this reason we might 
expect the quantity of oxygen to remain quite uniform, but such is not 
the case as an examination of the curves will readily show. ThiB gas 
is consumed in the processes of respiration and decay and it is liber- 
ated by ehlorophyl-bearing organisms in the process of photosynthesis, 
so that the quantity of oxygen held in solution by the water of this 
stratum will vary from time to time. Under conditions which favor 
consumption there may soon be a noticeable decrease in the oxygen 
and when conditions are favorable for production, the quantity may 
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soon rise considerably above the saturation point, sometimes rising as 
high as 175 per cent in parte of this stratum. 

Following a supersaturation on May 22 and May 25, which 
amounted to 114 and 111 per cent, or 7.9 cc and 7.6 cc respectively, 
there was a very rapid decrease in oxygen to only 84 per cent of 
saturation, or 6 cc. on May 29. No good explanation has yet been 
found for this unusual decrease so far below saturation. There was 
a very strong wind on May 28 which apparently disturbed the water 
throughout its entire depth, as a marked increase in oxygen was noted 
at 22 m. on May 29, but not enough of the lower water which was 
much poorer in oxygen, was mixed with the upper to account for 
such a large decrease of oxygen in the upper water. The oxygen re- 
mained low for two or three days after May 29 and then gradually 
rose to 6.5 cc. or the saturation point on June 6, after which thiB 
stratum remained substantially saturated until early July. Curing 
a few calm, clear days the second week in July the algae produced 
enough oxygen to raise the amount to 6.5 cc. and 7 cc. or 115 to 120 
per cent, of saturation. Succeeding this were two periods in which 
the oxygen decreased somewhat, going noticeably below the satura- 
tion point at the surface. But for the most part the surface remained 
near the saturation point until September. After the middle of 
July the surface and 5 m. curves become more widely separated. 
The maximum difference was 0.7 cc on July 30, the amount of 
oxygen at 5 m. during this period varying from 6.1 cc. in two July 
observations to 4.7 cc on August 30. Two factors were responsible 
for the difference in the amount of oxygen at the surface and at 5 m. 
(1) During this period, the number of algae was small so that very 
little oxygen was contributed to this stratum by them. Under such 
a condition the chief source of oxygen for thte water was the air. (2) 
During periods of calm weather, the circulation of the water in the 
upper stratum was incomplete, consequently the water at 5 m. was not 
exposed to the air frequently enough to replenish the quantity of oxy- 
gen which waa used up in the processes of respiration and decay. The 
surface water, however, could readily obtain oxygen from the air to 
replace that which was lost. Such conditions would produce the re- 
sults obtained in the observations. 

About the middle of September there were periods of clear, calm 
weather which were favorable both for the activities of algae and 
for the accumulation in the upper water of the oxygen set free by 
them. As a result the entire 0-5 m. stratum was found to be super- 
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saturated occasionally, the most marked snpersaturatioa being found 
on Sept. 11, when the surface water contained 7.5 cc and the 5 m. 
water 7.1 cc. of oxygen, the saturation percentages being respectively 
128 and 119. In most of the observations, however, the supersatura- 
tion was confined to the upper 2 or 3 m. 

Autumn — As the epilimnion cools during the latter part of 
August and in September, its temperature approaches that of the 
water in the upper part of the thermocline and the thermal resistance 
to mixture decreases. For this reason the wind is now able to set 
into circulation a stratum of water which gradually increases in 
thickness. In other words the thermocline gradually moves down to 
a greater and greater depth. This is well illustrated in figures 19 to 
21. In early August, the upper part of the thermocline lay at a 
depth of 7 m. to 8 m. ; by the last of August it had moved down nearly 
to 10 m. ; by September 27 to 12 m. ; and on October 8, just before 
the autumnal overturn, to 14 m. As the water at 8 m. and 10 m, was 
added to the circulating portion in the latter part of August, we find a 
rapid rise in the quantity of dissolved oxygen at these depths. Dur- 
ing the first half of September, the amount of oxygen at 10 m. rose , 
and fell corresponding to the alternate periods of calm and windy 
weather, but in the latter half of the month there was a gradual rise 
until it closely _ approached surface conditions. From the last of 
August until the middle of September, a small quantity of oxygen 
was found at 12 m., after which there wbb a rapid rise followed by 
equally as great a decline just before the overturn. A Bmall amount 
of oxygen was found at 15 m. the latter part of September and the 
first week in October but the quantity remained very small until the 
overturn. Below 15 m. there was no dissolved oxygen in the water 
until the overturn took place on October 9 and 10, which was caused 
by a heavy north-west wind. The conditions which existed on Octo- 
ber 8 and 11 are shown in figures 21 and 22 (p. 180) and in the 
tables on pages 153 and 154. 

As autumnal conditions advanced, the dissolved oxygen in the 
upper water gradually decreased in amount. Three factors were in 
all probability chiefly responsible for this decrease. (1). At this 
season conditions became more unfavorable for the summer forms of 
the phytoplankton and they declined ; their photosynthetic activities 
decreased also, resulting in the production of less and less oxygen and 
the rising crop of autumnal algae, consisting of diatoms, was not yet 
active enough in the process of photosynthesis to make good the loss 
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of oxygen. (2) Decay was proceeding vigorously at this time in the 
upper water and more oxygen was being consumed in this process and 
by the various organisms in their respiration than was supplied to this 
water by the algae or obtained by it from the air. As a result the 
quantity fell below the saturation point. (3). Aa the thermocline 
.was gradually moving down at this time, more and more of the lower 
water which had little or no free oxygen was being mixed with the 
upper, thus lowering the relative amount of this gas in the upper 
strata. 

Between September 20 and October 8, the decrease in oxygen in 
the 0-5 m. stratum amounted to a little more than 1 cc. per liter. 
On October 8 the average amount of oxygen for the entire depth of 
the lake was about 4 cc. On October 11, it was 4.61 cc. or only 65 
per cent of the amount required for saturation. ThuB the water 
gained about 0.6 cc. of oxygen per liter during the process of over- 
turning which meant an increase of 287,000 cu. m. in the dissolved 
oxygen supply of the entire body of water. Between October 11 and 
20, the increase amounted to 411,400 cu. m. so that, in 12 days, 
the lake added 698,400 cu. m. of oxygen to the supply which it al- 
ready possessed, or an average of 58,200 cu. m. per day, which was 
a daily increase of about 1.5 liters per square meter of surface. 

After the autumnal overturn, the oxygen conditions which obtain 
in the lower water for a few days or perhaps a week, depend very 
largely upon the weather. If the wind is not strong enough for 
a few days to keep the entire body of water in circulation, there 
will Boon be a noticeable decrease in the dissolved oxygen in the 
lower water. This water reaches its annual maximum temperature 
at this time and decomposition will therefore be most vigorous, so 
that oxygen will be used up rather rapidly in this process. At the 
same time, the upper water upon exposure to the air and to some 
extent also through the photosynthetic action of the algae will be 
increasing its supply of oxygen, so that there will be a marked differ- 
ence between surface and bottom in a few days if Here is little or no 
wind. 

On October 20, 1906, just nine days after the autumnal overturn, 
the dissolved oxygen showed a distinct decrease in amount in the 
lower water. (See table p. 154.) This was followed by a period 
during which the winds were stronger, bo that the water was pretty 
thoroughly mixed and gas conditions became almost uniform from 
surface to bottom (see table, p. 154 for Oct. 23) and remained 
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60 until November 2. This was then succeeded by a calm period 
during which there waa again a noticeable decrease in dissolved 
oxygen in the 18-22 m. stratum. (See fig. 23). On November 10, 
gas conditions were quite uniform from surface to bottom and re- 
mained so until the lake was covered with ice. 

As the temperature of the water falls during the autumnal period 
of circulation, the capacity for oxygen increases, so that there is a 
tendency for the oxygen to remain below the saturation point. The 
rapidity with which the water gains oxygen after the overturn de- 
pends upon two factors chiefly, the wind and the photosynthetic 
activity of the algae. If the winds are strong enough to keep the 
entire body of water in circulation, all of the water is exposed to the 
air from time to time where it may obtain more oxygen. Under 
favorable conditions, also, the algae become active and liberate 
oxygen which may be absorbed by the water. In 1906, the average 
gain per liter of water at all depths between October 11 and Novem- 
ber 2 was 2.2 cc or an increase of 0.1 cc. per day. That is, the 
amount rose from an average of 4.6 cc on the former date to 6.8 
cc. on the latter. In the next 22 days, the increase amounted to only 
0.8 cc. ; that is, on November 24, the water contained 7.6 cc of 
oxygen per liter, which amounted to 88.5 per cent, of saturation. 
But by the time the lake became covered with ice on December 18, 
1906, the amount of oxygen had risen to 9.1 cc Figures 8 to 23 
show the seasonal changes in oxygen in 1906 (pp. 174 to 181.) (See 
tables pp. 152 to 154.) 



Conditions in 1905 and 1907. 

The spring decrease in oxygen in 1905 was more gradual than 
in 1906. The surface water had 8.1 cc, which was 95.4 per cent, 
of saturation, on April 22, and this amount steadily declined to 5.8 
cc, — 86.8 per cent, of saturation — on June 10., From this time un- 
til July 29, the amount varied from 5.4 cc as a minimum to 6.1 cc. 
as a maximum. The early summer decrease in the lower water was 
much the same in l^OS as in 1906. No observations were made in 
August, 1905, with the exception of August 31. Between this date 
and the autumnal overturn in early October, conditions were sub- 
stantially the same as during this period in 1906. At the comple- 
tion of the overturn the water contained on an average 5.1 cc of 
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oxygen per liter, or 71.8 per cent, of the amount required for satura- 
tion at the observed temperature, 14.1°. 

In general the changes in the amount of dissolved oxygen during 
the winter of 1905-6„ were very much like those found during the 
winter of 1906-7. Changes were noted in a thin stratum just under 
the ice both years but they were not so marked in the latter as in 
the former winter. Also in the former winter (1905-6) the ice did 
not disappear from the lake until April 7, while in the latter (1906- 
7) it disappeared on March 25, 1907, bo that the lake was covered 
with ice practically 2 weeks later in the spring of 1906. Thus de- 
composition continued about 2 weeks longer in the spring of 1906 
and resulted in the complete exhaustion of the dissolved oxygen from 
the bottom water. In l l 907, however, just six days before the lake 
became free of ice, the bottom water still contained 0.5 cc of oxygen 
per liter. 

On March 30, 1907, or 5 days after the disappearance of the ice, 
it was found that the water contained on an average 8.4 cc of oxy- 
gen per liter at all depths. This represented a gain of 0.9 cc. per 
liter in 5 days or a daily gain of 0.18 cc, which was a gain of about 
86,100 cu. m. of oxygen per day for the total volume of water, or 
2.2 liters per square meter of surface. The quantity of oxygen grad- 
ually rose to a maximum average of 8.8 cc on April 14, and there- 
after it began to decrease owing to the increase in the temperature 
of the water. Up to May 16, the time at which the diagram on Plate 
III figure A begins, the amount had fallen to an average of 7.9 cc. in 
the 0-15 m, stratum and 7.7 cc below this depth. 

Plate III, figure A, shows that the spring decrease in oxygen in the 
upper water was much more gradual in 1907, than in 1906 ; the rapid 
decrease which was noted during the latter part of May, 1906, not be- 
ing represented at all in 1907. The entire body of water was kept in 
circulation somewhat later in 1907 and, as a result, it will be noted 
tbnt the lower water contained much more oxygen in mid-June, 1907, 
than on that date in 1906. In fact, oxygen conditions were about 
the same by the middle of June, 1906, as they were on July 1, 1907, 
but by August 1, they were substantially the same in both years. 
Only two sets of observations were made after August 1, 1907, one 
on September 6 (fig. 28) and the other on September 18, bat they 
showed nothing essentially different from results obtained on Septem- 
ber 5 and 17, 1906. (See tables pp. 153 and 166.) 

Only a single set of observations was made in 1908 prior to Sep- 
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tember. This was on July 25 and oxygen conditions were found to 
be substantially the same as in the three previous years at this time. 
Two sets of observations in September showed about the usual con- 
ditions in the lower water, but some unusually favorable weather 
conditions were responsible for marked differences in the 0-5 m. 
stratum. ThiB region was well populated with algae and at different 
times during this month, there were periods of clear, calm weather 
which made light conditions favorable for the photosynthetic activities 
of the algae and also permitted the oxygen liberated during these 
activities to accumulate in the upper water, resulting in a Bupersatura- 
tion. The following table shows some results obtained during one of 
these clear, calm periods. 







TABLE VII. Saptembar, 1908. 




Day. 


H.U,. 


Temperature. 


Depth. 


Oiyfon in co 

per liter. 


Per cent, of 
saturation. 


80. ... . 


4:40 P. M,,.. 


24.1 


0.0 


8.7 


140.1 








0.5 


8.7 


147.5 






23.0 


1.0 


9.4 


158.2 








1.5 


10.5 


175.5 






22.0 


2.0 


0.2 


152.2 




4:55 P. M.... 


21.3 


3.0 


7.5 


122.2 


21 


6:05 A. M... 


21. S 


0.0 


8.5 


140.0 








1.0 


8.6 


142.0 








1.5 


8.7 


144.2 






21.8 


2.0 


8.6 


142.0 




6:20 A. M... 


21.25 


3.0 


6.0 


07.7 


21 


4:45 P. M.... 


25.1 


0.0 


8.5 


147.6 






25.0 


0.5 


8.6 


140.1 






23.7 


1.0 


0.2 


156.0 






22.0 


1.5 


10.0 


167.8 






22.3 


2.0 


0.8 


163.0 




4:55 P. M.... 


22.0 


3.0 


0.3 


154.0 


22 


6:20 A. M... 


21.8 


0.0 


8.6 


141.6 






21.8 


1.0 


8,6 


141.6 








1.5 


8.7 


143.3 






21.8 


2.0 


8.5 


140.0 






21.3 


3.0 


7.4 


120.7 




6:40 A. M... 


21.1 


4.0 


6.5 


105.8 



It will be noted that the maximum amount of dissolved oxygen 
was found at a depth of 1.5 m. and that the increase at this depth 
between the morning and evening observations on September 21 was 
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1.3 cc. per liter. If we may assume that the amount of oxygen at 
this depth was about the same on the morning of September 20 as on 
September 21, then the increase during the former day was about 
1.8 cc. The morning observations were taken just about Bunrise, or 
before the algae became active in the production of oxygen. As the 
surface water cooled at night, convection currents were set up which 
mixed the water thoroughly down to a depth of 2 m. as shown by 
the morning temperatures, and the results show that the oxygen be- 
came practically uniformly distributed throughout the upper 2 m. 
But, in spite of the circulation and mixture which took place, the 
quantity of oxygen remained considerably above the saturation point. 
In this connection, also, it iB interesting to note that the transparency 
of the water was such at this time that a Seochi's disc just disappeared 
from view at a depth of 1.75 m., the transparency being thus rather 
closely associated with the depth of maximum oxygen. Mb definite 
correlation between transparency and the region of high oxygen has 
been noted in other lakes. 

Oxygen — In Other Lakes. 

It has already been noted that the 156 lakes that have been 
studied cover a wide range of conditions. There are marked dif- 
ferences in the size and depth of the various lakes, in their exposure 
to the action of the wind, in the amount of the decomposable material 
found in the water, and also in climatic conditions. In addition to 
these general differences, it may be said that almost every lake 
possesses some individual characteristics which affect more or less 
markedly the gases dissolved in the water, more especially the oxy- 
gen. In view of this diversity of conditions, then, it is not surpris- 
ing that the quantity of oxygen dissolved in the waters of the various 
lakes and its distribution therein, should Bhow marked differences, 
because this oxygen is subject to the influence of so many factors. 
Not only do the different lakes show important differences in oxygen 
conditions but there may be annual variations in the same lake. 
These are due, in a large measure perhaps, to variations in weather 
and also to annual variations in the biological factors, such for in- 
stance as the abundance or scarcity of phytoplankton. 

On the basis of thermal and gas conditions in the lower water 
during the summer, the lakes fall readily into two groups. The first 
group includes those which are shallow and whoso area and exposure 
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to wind are such that the entire body of water ia kept in circulation 
during the summer. Only 27 lakes, however, belong to this class 
and they vary in depth from 3 m. to 10 m. Asa result of the com- 
plete circulation of the water, thermal and gas conditions were found 
to be substantially the same from surface to bottom. The lakes of 
this group contained various amounts of oxygen dissolved in their 
waters as a result of differences in the amount of decomposition going 
on and differences in the abundance and photosynthetic activities of 
the algae, but in each lake the oxygen conditions were generally the 
same at all depths. The results show that, during periods of clear, 
calm weather, the upper 2 m. to 3 m. of water may become super- 
saturated with oxygen owing to the action of the algae and that the 
dissolved oxygen of the bottom water may decrease appreciably as a 
result of the decomposition going on there, but a brisk wind would 
soon restore uniform conditions. These lakes showed no other char- 
acteristics which require further consideration. (See fig. 110, p. 220 
and tables, p. 164.) 

The second group of lakes includes those in which the entire body 
of water was not kept in circulation during the Bummer but in which 
a more or less pronounced thermal stratification was found. Some of 
the 129 lakes belonging to this group did not differ very widely 
from thoae of the first group, since the bottom stratum which did not 
take part in the circulation was not more than a meter or a 
meter and a half thick. This condition was found only in the shal- 
lower lakes of this class. In the others the cool, lower stratum 
of water which was not kept in circulation by the wind, varied in 
thickness from a very few meters to as much as 60 m., depending 
upon the depth of the lake. This group is characterized by the fact 
that there is a more or less pronounced decrease in the dissolved oxy- 
gen in this lower stratum of water during the summer. The amount 
of the decrease varied very much in the different lakes. In some the 
bottom water contained 75 to 80 per cent. a& much oxygen as the sur- 
face which was freely exposed to the air ; while in others a layer of 
bottom water of varying thickness was entirely devoid of free oxygen. 

The second group of lakes may be further separated into two div- 
isions for convenience in the discussion. The first comprises those 
lakes in which the supply of dissolved oxygen in the lower water 13 
not entirely exhausted during the summer, the amount varying from 
about 80 per cent, of that in the surface water to only a trace; the 
second division includes those lakes in which the dissolved oxygen 
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is completely exhausted from more or less of the lower water. The 
lakes belonging to the first division vary in depth from 7 m. to 72 m. 
Diagrams for White Eagle lake (fig. 32) and Big Butternut lake (figs. 
33 and 34) show two of the shallow lakes belonging to this group while 
diagrams of Green and Geneva (figs. 36-42) are examples of the deep 
lakes. It will be noted that there ia only a comparatively thin stra- 
tum of water in the shallow lakes which showB a decrease in free oxy- 
gen, but this region is very much thicker in the deeper lakes, being 
thickest in Green lake which has a maximum depth of 72 m. (See 
tables, pp. 147, 166.) 

In 56 lakes, or more than a third of the total number, a stratum 
of bottom water has been found which contained no dissolved oxygen 
for a longer or shorter period during the summer. In some lakes 
this condition may be found for only two or three weeks, while in 
others, for example Bessley and Garvin lakes, such a stratum of 
water may exist for a period of about five months (figs. 43-53). 
The stratum of water which is devoid of free oxygen may be very 
thin (1 m. to 2 m.) in some lakes, but in others it may have a thickness 
of 15 m. The dissolved oxygen always disappears first at the bot- 
tom, because there ib a greater amount of decomposable material, 
hence a larger amount of decomposition there. This stratum then 
gradually increases in thickness and in some cases the free oxygen is 
exhausted from practically all of the water below the thermocline. 
In the west part of North lake, for example, only a trace of dissolved 
oxygen waB found at 6 m., none at 7 m. and none thence to the bot- 
tom, 22 m., on August 21, 1906, so that the stratum of water which 
contained no free oxygen was almost 2.5 times as thick as that which 
did have more or less of this gas in solution. The volume of water 
in the upper 6 m. constitutes a little less than 45 per cent of the 
total volume of the lake, hence about 55 per cent of the water of the 
lake was either completely devoid of free oxygen, or practically bo. 
Lake Mendota belongs to this class of lakes and in August the stratum 
which contains no dissolved oxygen may include as much as half the 
maximum depth of the lake, or about a third of the total volume. 

It has already been pointed out that the lower water in a thermally 
stratified lake is cut off from further contact with the air after 
stratification and hence has no opportunity to obtain a new supply 
of oxygen from the air until the autumnal overturn. As a rule very 
little if any ground water ever reaches the deeper water of a lake di- 
rectly and even if it did, it is generally so deficient in oxygen that very 
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little of this gas would be contributed to the lower water from this 
source. Neither are conditions favorable in the lower water of a deep 
lake for the photosynthetic activities of the algae, so no free oxygen 
will be derived from this source. Hence the summer supply of oxygen 
in this region is limited to the amount which the water possesses at the 
time that it becomes stratified. When this supply is once exhausted, 
this water must remain free of oxygen until the autumnal overturn. 

Two factors are responsible for the exhaustion of the oxygen dis- 
solved in the lower water. The living organisms, both plants and 
animals, which inhabit this region use up some of this oxygen in 
the process of respiration. But by far the most important factor 
concerned is the decomposition of organic matter. A small amount 
is doubtless used in the direct oxidation of dead organic material 
but most of it is exhausted in the decomposition which results from 
the action of bacteria. 

The decomposable matter is derived from various sources but the 
material which probably affects the largest volume of water is that 
derived from plankton forms, more especially from the phytoplankton. 
In general the latter reproduce very rapidly under favorable condi- 
tions and live a comparatively short time. Thus when the upper 
water contains an abundance of phytoplankton it will furnish a con- 
stant supply of decomposable material to the lower water. Through 
the floating devices possessed by these organisms, their specific grav- 
ity 18 reduced so that it is generally only a very little greater than 
that of water, some forms even being able to remain suspended for 
several hours in seventy or eighty per cent, alcohol. Forms which 
possess such a low specific gravity will sink very slowly through the 
cool, lower water when they die, and this will give opportunity for 
them to pass through at least the early stages of decay on their down- 
ward passage. In this way the supply of oxygen in the lower stratum 
will be affected not only at and near the bottom but throughout the 
entire region below the thermocline. The decomposition of a great 
deal of phytoplankton in the upper water also sometimes causes a 
material decrease in the oxygen here, in spite of its free exposure to 
the air. 

The specific gravity of most zooplankton forms is greater than that 
of phytoplankton forms. Thus they sink more rapidly and their 
decomposition does not proceed very far before they reach the bot- 
tom. For this reason they are probably not Buch an important factor 
in exhausting the oxygen supply through decay except at the bottom. 
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Another important source of decomposable material is the shore 
vegetation, more especially the leaves of trees. Lakes whose shores 
are covered with deciduous trees will receive a very large amount of 
decomposable material in the form of leaves when these are shed in 
the autumn. They will be blown into the lakes and will eventually 
gink to the bottom. A few lakes have been found in which the bot- 
tom in the deeper portions of the lakes is literally carpeted with decom- 
posing leaves. The decay of this material goes on more or less rapidly 
at all times and it is a very important factor in removing dissolved 
oxygen from the bottom water in lakes where it is so abundant. 

The shallow water vegetation also contributes its quota of organic 
material to the deeper water. The larger aquatic plants are fre- 
quently torn loose from their moorings in shallow water by the action 
of the wind and waves, especially in the fall, and carried out to deep 
water where they sink, thus contributing to the supply of decompos- 
able material on the bottom. In lakes which have very little water 
shallow enough for such plants, this source of material would not be 
of very great importance but in lakes which have large areas of shal- 
low water, such as wide shallow margins for instance, where such 
plants may thrive in abundance, this would he an important source 
of organic material 

As already indicated, there may be no complete overturning of the 
water in the spring in small lakes which are well sheltered from wind. 
In Buch cases the bottom stratum receives only a small supply of oxy- 
gen at this season, or in extreme cases, none at all. This small 
supply will soon be exhausted and the bottom water will then remain 
without free oxygen until the autumnal overturn, which means a. 
considerable period of time in some instances. In 1909, for example, 
there was no complete vernal overturn of the water in Beasley lake 
and the small supply of oxygen which reached the bottom stratum 
through a slight mixture with the Water above was exhausted by the 
first of June and this stratum remained without free oxygen until 
early November or for a period of five months. In 1906 also, no 
dissolved oxygen was found in the bottom water of G-arvin lake be- 
tween the middle of May and the middle of October, a period of five 
months. (See figs. 49-53, pp. 194, 195, and tables, p. 147.) 

In addition it may be said that the supply of oxygen in the bot- 
tom water of such lakes is completely exhausted in early winter bo 
that thiB stratum is free from dissolved oxygen for a month or two in 
winter also. This means, then, that the bottom water in such lakes 
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may be devoid of free oxygen for a period of 6 to 7 months during 
the year. Such a prolonged period during which free oxygen is ab- 
sent from this stratum is of considerable importance from a biologi- 
cal standpoint, more especially with respect to the bottom fauna. 

In the larger lakes, where the wind is more effective in disturbing 
the water, there is a complete vernal overturning which is followed 
by more or lees of a vernal circulation. The period of time during 
which this circulation continues varies of course in the different 
lakes and in fact, varies in the same lake from year to year, depend- 
ing upon weather conditions. During a cold, windy spring for ex- 
ample the circulation will continue for a longer period than during 
a warm one in which there is not so much wind. The longer the 
period of complete circulation lasts, the later will the consumption 
of the final supply of oxygen in the bottom water begin, and conse- 
quently the later will this supply of oxygen be exhausted in those 
lakes where the dissolved oxygen entirely disappears from this stra- 
tum in summer. 

The effect of weather conditions is well shown in results obtained 
on Mouse lake (See table p. 157). On May 11, 1906, its bottom 
water contained only 0.1 cc. of dissolved oxygen per liter but on May 
11, ]907, it had 6.6 cc. The bottom water of several other lakes 
contained more dissolved oxygen during the latter part of May, 1907, 
than during this period in 1906, but the differences were not so 
great as in Mouse lake. Generally one and a half to two times as 
much was found in 1907 as in 1906. 

The rapidity of the decrease of the oxygen in the lower water de- 
pends chiefly upon three factors, the quantity of decomposable ma- 
terial, the temperature of the water, and the volume of water below 
the thennocline. The larger the amount of decomposable matter, the 
faster will the dissolved oxygen be used up. In a plankton-poor 
lake, the decrease will be slow on account of the scarcity of organic 
matter. The higher the temperature of the lower water, the faster 
will decomposition take place and, consequently, the more rapidly 
will the supply of oxygen decrease. In some lakes the bottom water 
does not have a temperature of more than 5° to 7° during the sum- 
mer, while in others it may rise to 13° or 14°. Obviously, of course, 
the process of decay will proceed more rapidly in the water having the 
higher temperature and other conditions being the same, the dissolved 
oxygen will decrease more rapidly in lakes whose bottom water has a 
temperature of 13° to 14° than in those having the cooler water. 
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Likewise the rapidity of this decrease will depend upon the volume 
of water below the thermooline because the amount of dissolved oxy- 
gen in this water will be proportional to the volume of water. Also 
the extent of the oxygen decrease in the lower water, is a function of 
the quantity of decomposable material contributed to this region, and 
of the volume of the water. (See tables pp. 148, 147, 148, for re- 
mits on Elkhart, Geneva, and Green lakes. ) 

A peculiar and interesting distribution of dissolved oxygen has 
been observed in a few lakes in the region of the thermocline. In 
a stratum from 0.5 m. to 2 m. thick situated about the middle of 
the thermocline, the oxygen decreases more rapidly than in the water 
a few meters below. This more rapid decrease in this region pro- 
duces a distinct notch in the oxygen curve here as may be seen in 
figures 77, 84, 88, and 115. In some instances the more rapid 
decrease continues here until the dissolved oxygen is all used up, 
resulting in a separation of the lake into 4 strata with respect to oxy- 
gen. There will be an upper stratum consisting of the upper, warm 
water and the upper part of the thermocline which contains a con- 
siderable amount of dissolved oxygen ; below thiB, the thin stratum in 
the thermocline which is devoid of free oxygen ; below this, a stratum 
containing some dissolved oxygen, as much as 0.8 cc. per liter in 
some instances; and lastly, a bottom stratum in which the dissolved 
oxygen has been exhausted. As yet, the causes of the more rapid de- 
pletion of the oxygen in the mid-thermocline stratum are not clearly 
evident. Plankton Crustacea are sometimes fourid in large numbers 
in this region before the dissolved oxygen is entirely exhausted, and 
they, of course, use up some oxygen in respiration, but it does not 
seem probable that the respiration of these Crustacea is the sole factor 
involved. Indeed it seems evident that in most lakes of this type 
the respiration of Crustacea must play only an unimportant role be- 
cause no large aggregations of them are found in this region. Here 
again decomposition, it would seem, is the chief factor. The water 
of this stratum is much colder than the upper water, sometimes as 
much as 10°. The organisms constituting the phytoplankton adjust 
their floating devices such as oil droplets, gas vacuoles, etc., so as to 
enable them to remain suspended in the warmer upper water. 
But when they die and sink down to this region where the water 
rapidly becomes colder, their downward progress will be checked 
for a time because the density of this water is greater. Therefore it 
seems probable that they may remain here long enough to permit 
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them to pass through the early stages of decomposition and in this 
way they may make inroads upon the supply of' dissolved oxygen at 
this depth. It is possible also that either senile or healthy phyto- 
planktonts sink into this region and live hove sapropfaytieally for a 
time and under each conditions, they would actively consume oxy- 
gen. (See figs. 40, 77, 84, 88, 90, 100 and 115.) 

Excess Oxygen. 

So far only those factors have been considered which are active 
in using up dissolved oxygen. There are activities going on in the 
upper water, however, which increase the supply of oxygen in this 
region. These activities not only aid in keeping the water satur- 
ated with oxygen, but under favorable conditions they may result 
in the sup ereatu ration of certain strata of water with this gas. A 
few meters of the upper water of lake Mendota may thus become 
supersaturated with oxygen under favorable weather conditions, and 
other lakes show the same phenomenon. The upper water always 
contains chlorophyl-bearing organisms whose numbers vary from a 
few hundreds per liter in some lakes to as many as several hundred 
thousand in others. The number found in any one lake from time 
to'time during the summer varies very widely of course. When ex- 
posed to light, these organisms are able to carry on the process of 
photosynthesis in which carbon dioxid is taken up from the water 
and broken up into its two elements. The carbon is retained for 
further use in the plants and the oxygen is liberated, some or all if 
it passing into solution in the water so that the quantity of this gas 
may be raised above the saturation point. 

In lake Mendota the maximum amount of excess oxygen was 
found at a depth of only a meter and a half; and such an accumula- 
tion of oxygen can take place only during oalm weather. A breeze 
would set this upper water into circulation and it would all be ex- 
posed to the air from time to time where the oxygen tension would 
be lower and the excess would be imparted to the air. Even during 
calm weather, more or less of the upper water will be disturbed by 
convection currents on cool nights and will thus be exposed to the 
air, so that the excess of oxygen will be greatly reduced at least. In 
this upper stratum, then, the excess oxygen will not be much greater 
than the amount which the ehlerophyl-bearing organisms can produce 
in a single day, for the disturbances due either to wind or convection 
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currents will prevent the accumulation of a large amount of excess 
oxygen at bo slight a depth. But some lakes have been found in 
which rather large amounts of excess oxygen accumulated in the up- 
per part of the thennocline. Since the water at this depth is dis- 
turbed very little by wind action and not at all by convection currents, 
it may remain supersaturated with oxygen for a long period of time. 
(See figs. 43-46 and 54-62.) The transparency of the water is such 
in these lakes that the algae in the thennocline receive enough light 
to enable them to carry on their photosynthetic activities. As stated 
above the water of this region is affected very little by the wind, so 
that oxygen is removed only by decomposition, respiration, and the 
slow process of diffusion. When the algae are active and the light is 
favorable, the production of oxygen greatly exceeds the consumption, 
consequently it accumulates in this region until there is a large ex- 
cess in some instances. 

The maximum amount of oxygen was found in Knights lake on 
August 26, 1909. At a depth of 4.5 m., there were 25.5 cc. of oxy- 
gen per liter of water, which was 364.5 per cent, of saturation. The 
following table shows the results obtained on this date and a previous 
one. 







Table Till.- 


-Knightt Lake. 






August 14, 1D00. 


August 26, 1909. 


Depth. 


O, in CC. 
per liter. 


Per cent, of 

saturation. 


Depth. 


O, in cc. 
per liter. 


Per cent, of 
saturation. 




6.8 
19.2 
33.6 

4.9 


109.1 

282. S 
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62.8 
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13.4 
20.4 
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1.4 

















































Otter lake ranks second in respect to excess oxygen. At a depth 
of 4 m. on August 26, 1909, the amount of dissolved oxygen was 
18.9 cc per liter of Water, which was 297 per cent, of saturation and 
25.0 cc. (396.2 per cent of saturation) were found at a depth of 4.5 
m. on July 25, 1910. 

Several investigators have found an excess of dissolved oxygen in 
the waters of ponds and lakes during the summer but tie nn xunnm 
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quantity that has generally been found at this season was about 300 
per cent, of the amount required for saturation. Both Knights lake 
and Otter lake have shown larger amounts than this, each rising con- 
siderably above 300 per cent, of saturation, but the maximum amounts 
of this gas have been found at a depth of 4.5 m. in both lakes. At that 
depth the hydrostatic pressure is about half an atmosphere and this 
extra pressure would aid materially in holding the oxygen in solution. 
It is doubtful whether the amount of oxygen could have risen much 
higher without some of it being liberated in bubbles, and, in fact, it 
seems probable that some of it escaped in this way even under the above 
conditions. When this water was pumped up to the surface it effer- 
vesced very freely, so it is safe to say that the quantity of oxygen in- 
dicated in the results does not represent the entire amount that was 
present. 

The problem of the rapidity of manufacture and accumulation of 
oxygen in the excess oxygen stratum has not yet been thoroughly 
studied; but data bearing on this question have been obtained in 4 
lakes. In lake Mendota it was found that the quantity of oxygen 
rose as much as 1.3 cc per liter of water per day at a depth of 1.5 m. 
(see p. 43) on one date and apparently a little more than this on an- 
other. During the summer of 1910 regular observations were made 
on 3 lakes at Waupaca. The maximum increase of oxygen in Beas- 
ley lake was a rise from 7.7 ec. per liter of Water to 12 cc at a depth 
of 3 m. between June 14 and June 20. This was an increase of a 
little more than 0.7 cc. per day during this period. In Knights lake 
the quantity of oxygen rose from 8.5 cc to 14 cc. at a depth of 5 in- 
between June 29 and July 2, which was a daily gain of a little more 
than 1.8 cc. At the same depth, the quantity of oxygen rose from 
2.8 cc on June 10 to 14 cc on July 2, a daily gain of a little more 
than 0.5 cc for this long period. In Otter lake the quantity of this 
gas increased from 8.2 cc. on July 20 to 22.4 cc on July 23 at a 
depth of 3 m., a gain of 14.2 cc in 3 days or a daily gain of about 4.7 
cc During the same period also, there was an increase of 12.4 cc 
in the quantity of oxygen at 3.5 m. and of 4 cc at 4 m. 

These gains doubtless represent by far the greater part of the oxy- 
gen liberated at these depths, because little would be lost from these 
strata by diffusion and little or none would escape in the form of 
bubbles. A portion of this gas, however, is consumed in the processes 
of respiration and decay but this will not represent a very large per- 
centage of the entire amount of oxygen liberated, especially when it 
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is being liberated at a rate of 1.5 cc. or more per liter of Water pet 
day. 

With respect to the correlation in depth between the maximum 
amount of oxygen and the maximum number of algae, in lakes which 
have a stratum containing an excess of this gas, it may be said that 
various results have been obtained, the major portion of the data 
showing no very close relation between the two. In figure 138, 
it will be noted that the maximum number of diatoms was found at 
5 m. in Beasley lake, on August 3, 1908, and the largest amount of 
oxygen was found at this depth; the other algae, however, reached 
their maximum at 2 m. In Knights lake (fig. 139) the diatom 
maximum was located at a depth of 2.5 m. and that of all other algae 
at 3 m. on August 14, 1909. But the maximum amount of oxygen 
was found at 5 m., or 2 m. to 2.5 m. below the maxima of algae, 
where the number of these organisms was small. Similar, but less 
marked differences were found on AuguBt 25. (Fig. 140.) On this 
date the diatoms reached a maximum at 4 m. and the other algae at 
i\ m., while the- oxygen maximum was in the 4-5 m. stratum. In 
Silver lake (fig. 141) the largest number of diatoms was found at 
7 m. on August 21, 1907, where the water Was distinctly alkaline and 
contained the largest amount of dissolved oxygen. While the other 
algae showed a distinct increase in number at 7 m., yet they were 
most abundant at 1 m. Figure 142 shows a very different set of con- 
ditions on August 27, .ISOS. On this date the largest number of 
algae was found at 10 m. where the oxygen was about 9 per cent 
below the saturation point, while the largest amount of oxygen was 
found at 8 m. where the water was also alkaline. It seems that the 
most probable explanation of this condition is that this set of obser- 
vations was made soon after a erop of algae had reached its maximum 
development and that they were thus found in an early stage of 
their decline. It seems probable, however, that a more complete 
knowledge of this high oxygen phenomenon would reveal a much 
closer correlation in depth between algae and excess oxygen. 

In the smaller lakes, where the excess oxygen stratum lies within 
4 m. to 5 m. of the surface, the large plants growing in shallow water 
may contribute oxygen to this stratum during their photosynthetic 
activities. In Otter lake, for example, much of the bottom is covered 
with Chora to a greater depth than the high oxygen stratum, so that 
Borne of the excess oxygen might be liberated by this plant. But sev- 
eral sets of observations made in August, 1906, gave no evidence that 
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such is the case. In two larger lakes, Elkhart and Okauchee, several 
observations having this same end in view, gave negative results. 

Some European observers have noted very marked diurnal changes 
in the amount of dissolved oxygen in small, shallow bodies of water, 
especially fish ponds, and attention has been called to Bueh changes 
in the upper water of lake Mendota in September, 1008 (p. 43). 
In Mendota, the excess oxygen stratum comprised only the upper two 
or three meters which were readily disturbed by wind and by convec- 
tion currents. ThuB there was a pretty thorough mixture of this upper 
water at night so that the oxygen became uniformly distributed in 
this stratum. As a consequence, there was an appreciable decrease 
in the quantity of oxygen in the layer having the largest excess, thai 
is at a depth of 1.5 m., and on the succeeding day the amount of oxy- 
gen would again increase at this depth, thus producing a diurnal 
variation of 1 cc. to 1.5 cc per liter of water. But where the excess 
oxygen has been found in the thermocline region, no appreciable di- 
urnal variations have been noted. That is, the difference between 
day and night observations did not prove to be any greater than the 
differences between two sets of day observations, one of which was 
made immediately after the other. 

Several sets of day and night observations made on Elkhart and 
Otter lakes where this transition stratum contained a marked excess 
of oxygen, gave negative results. At such a depth the water was 
not disturbed by the wind during the day, nor by wind or convec- 
tion currents at night, so that no mixture of the water took place 
which would have reduced the supply of oxygen. Also no appreciable 
amount of oxygen was lost during the night through decomposition, 
diffusion, and the respiration of organisms. 

Oxygen Conditions in Beaslby, Long, and Rainbow Lakhs 
in 1909. 

Figure 48 shows the oxygen conditions in Beasley lake on March 
19, 1909. It will be noted that about 2 meters of the bottom water 
contained no free oxygen and that there were only 1.8 cc and 0.1 oc 
per liter respectively at 9 m. and 11 m. Plate IV indicates the condi- 
tions for the following spring, summer, and autumn. This seasonal 
diagram shows clearly that no vernal overturn had taken place on 
April 22, which was only a very few days after the ice had disap- 
peared from the lake, and later observations showed that no complete 
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overturning took place before summer conditions set in. The first set 
of observations showed that the mixing process had resulted in giving 
the water at 12 m. and 14 m. only traces of oxygen. During the month 
of May, however, more of tie upper water was mixed with the bottom 
stratum and the amount of oxygen increased slightly but it did not 
rise above 0.4 ec per liter which was found on May 8. It disappeared 
entirely from this stratum before June was far advanced. More than 
6 cc. of dissolved oxygen were found at 10 m. in the first and second 
observations, thus showing that the water at this depth had been mixed 
rather freely with the water above, but the oxygen decreased very rap- 
idly at this depth during the latter part of May as a result of the decay 
which took place there, and thereafter the quantity remained small 
until late October. 

The decrease was more gradual at 8 m. and the amount of free 
oxygen did not reach a minimum until late September and early Octo- 
ber. The upper 7 m. of water, which comprised the epilimnion and 
the upper part of the thermocline, contained an abundance of dis- 
solved oxygen during the time of these observations although there was 
a marked decrease at 7 m. in September. With this one exception, the 
oxygen in this upper water amounted to 90 per cent, or more of the 
quantity required for saturation. The curve representing the surface 
shows that this water contained the maximum amount of dissolved 
oxygen on April 22; this was followed by a gradual decrease till the 
first of July, after which there was an appreciable increase followed by 
a fairly uniform condition which lasted until late October; this was 
succeeded by a decrease and then a marked increase the last of October 
and in early November. In this diagram it will be noted that the 
maximum quantity of oxygen was not found at the surface as in lake 
Mendota. As a result of the activities of chlorophyl-bearing organisms 
in the 3-6 m. stratum, the amount of dissolved oxygen found in this 
region exceeded that at the surface during almost the entire summer. 
At 3 m. the amount waB greater than at the surface as early as May 5. 
The maximum was found on June 3, but within the next two weeks, a 
marked decrease took place because the water at this depth was gradu- 
ally mixed with the upper stratum which was kept in circulation by the 
wind, thus preventing any accumulation of excess oxygen here. Some 
idea of the amount of mixing may be gained from the change in tem- 
perature. Between June 3 and June 17, the temperature at 3 m. 
increased 2.1° but the water at thiB depth had not yet been thoroughly 
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mixed with the upper water for it was still 2.2" colder than the sur- 
face. 

The decrease at 3 m. was followed by a marked increase at 5 m. 
which reached its maximum on July 16. ThiB was followed by a 
decrease, resulting from the downward movement of the thermocline, 
which continued until the quantity of oxygen even fell below that it 
the surface in early September. The decay and respiration taking 
place in this region were responsible for the decrease below the aver- 
age amount in this upper stratum. 

The curve for 6 m. shows that coincident with the maximum at 5 m. 
was one nearly as great at 6 m. but the period of high oxygen at the 
latter depth continued until the latter part of August when it suddenly 
decreased because the thermocline reached this depth at this time and 
some of the upper water which was poorer in oxygen was mixed with 
the 6 m. water. At this depth also, the amount finally fell below that 
at the surface as a result of the respiration and decay taking place here 
and doubtless as a result also of mixture with more or less of the water 
below which contained a smaller amount of dissolved oxygen. 

Oxygen conditions in the 0-6 m. stratum remained fairly uniform 
from September 9 to October 8, but this period was followed by a de- 
crease because more and more of the lower water which contained little 
or no oxygen was added to the upper stratum as the latter cooled 
and because the summer algae were declining at this time and condi- 
tions favored the consumption of oxygen rather than its production. 
During the last week in October and the first half of November, the 
weather was fairly warm and calm, so that the water remained almost 
stationary in temperature and was not greatly disturbed by wind. As 
a result of these conditions, there Was a marked decrease in the amount 
of oxygen at 10 m. which, in all probability, was due to two causes: 
(1) To mixture of the water in this stratum with that below which con- 
tained little or no free oxygen; (2) to the rapid oxidation of organic 
matter which bad been accumulating in this lower water under anae- 
robic conditions during the summer. During this time there was an 
increase in the quantity of oxygen in the 0-7 m. stratum as a result of 
the free exposure of this water to the air and as a result of the pho- 
tosynthetic activities of the autumn phytoplankton. The last set of 
observations represented in the diagram shows that the oxygen condi- 
tions were uniform from surface to bottom thus indicating that the 
autumnal overturn was completed shortly after the middle of Novem- 
ber. 
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Plate V, representing the oxygen conditions in Long lake at 
Waupaca, shows that the vernal overturn was not completed on April 
22, 1909, but on May 5 conditions were almost uniform from surface 
to bottom. During the nest two weeks, there was an increase in the 
amount of oxygen in the 0-5 m. stratum and a pronounced decrease 
at 10 m. and below. This decrease in the lower water continued un- 
til only a trace of free oxygen was found at the bottom on July 1 
and it entirely disappeared at 15 m. before the middle of August 
Scarcely more t&an a trace was found at 10 m. from September 9 to 
October 8, but this condition was followed by a period of rapid and 
marked increase when the water at this depth was added to the up- 
per circulating stratum as a result of the cooling of the upper water. 
It will be seen, also, that oxygen began to appear at 15 m. about 
the middle of October and steadily increased in amount till the com- 
pletion of the autumnal overturn shortly after the middle of Novem- 
ber. The water at 18 m. and 21 m. was the last to be disturbed in 
the overturning process and hence was the last to be aerated. So 
the water at these depths shows a very sudden and very marked in- 
crease in free oxygen just as the overturn was completed. 

The diagram shows that tiere was a gradual decrease in the quan- 
tity of oxygen at 8 m. from about the middle of May till the last week 
in September when a minimum of 1 cc per liter of water was found. 
There was a marked increase at this depth in late September and early 
■ October. There was also a decrease in the oxygen at 7 m. during the 
latter part of May and first half of June which was succeeded by a 
small, gradual increase for a month. This was followed by a second 
gradual decrease to a minimum of 3.7 cc. on September 24 and then 
an increase as autumnal conditions set in. 

The surface water showed a marked decrease in dissolved oxygen 
in late May and early June as a result of the increase in the temper- 
ature of the water, thus lowering its capacity for dissolved oxygen. 
About the first of July a small but steady increase in oxygen began, 
the quantity rising from 6 cc. to a little more than 7 cc per liter 
by October 8, A marked decrease followed in the next two weeks 
due chiefly to the decreased photosynthetic activities of the algae, to the 
decay taking place in the circulating stratum, and to the mixture of 
the upper water with more and more of the lower, which contained 
little or no free oxygen. The chlorophyl-bearing organisms produced 
enough oxygen at 5 m. and 6 m. to raise the amount above that at the 
surface during the latter part of May and this condition continued 
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until the latter part of August, the maximum amounts at these depths 
being found on July 16. 

The diagram for Rainbow lake (PI. VI) shows that its oxygen 
conditions were much like those that have already been described 
for Beasley and Long lakes. There was the same general decrease 
in the amount of oxygen in the lower water during the season, there 
being almost none below 10 m. for a time in September. Enough 
oxygen was produced by chlorophyl-bearing organisms in the 5-10 m. 
stratum to raise the amount above that at the surface and this condi- 
tion was maintained for longer or shorter periods at the different 
depths. At 10 m. there was a marked increase in late June and the 
amount remained greater than at the- surface until July 16, after 
which there was a gradual decrease at this depth to a minimum in 
September. This decrease was correlated with a marked decrease in 
the transparency of the water. The 5-8 m, stratum contained much 
more dissolved oxygen than the surface during the months of June, 
July, and August ; in fact a maximum of a little more than twice- the 
amount at the surface was found at 7 m. on July 16. In early August, 
however, the water at 5 m. was added to the upper circulating stratum 
and consequently the amount of oxygen at this depth was reduced to 
the quantity found at the surface. The 6-8 m. stratum remained un- 
disturbed until early September when its stock of free oxygen rapidly 
decreased to practically the amount found at the surface because the 
water of this stratum also was gradually added to the circulating 
stratum above. 

Results op Othbb Investisatoss. 

Rather high supersaturations due to the action of chlorophyl-bear- 
ing organisms, have been found even in streams where one might sup- 
pose that the water was disturbed sufficiently to prevent such accumu- 
lations of oxygen. Palmer 1 found, however, in the Illinois river 
where the current was rather sluggish that the quantity of this gas 
might rise to more than 220 per cent, of saturation. Both Lord' 
and Horton* have noted an excess of oxygen in Ohio streams. 

On the other hand, Spitta* found only a very few cases of super- 
saturation in the Spree river, the quantity of dissolved oxygen being 

1 Streams Examination, ganlt. Diet, of Chicago, p. 88. 1902. 
1 Investigation of Rivera, Ohio St. Board of Health, 1897-98, p. S3. 
■ Thirteenth Ann. Rept. Ohio St. Bd. of Health, p. 351. 1899. 
« Archiv fiir Hygiene. XXXVIII, p. 215-93. 1900. 
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more or lees below the saturation point during almost the entire year, 
and in all of hiB samples of water from the Rhine, the oxygen was 
below the saturation point. 

In winter, Knautho 1 found a much larger quantity of excess oxy- 
gen in some of the ponds which he studied when they were covered 
with ice. In one pond he found the surprisingly large amount of 
49 cc of oxygen per liter of water, just under the ice. This was 
about 515 per cent, of the amount required for saturation. A 
phenomenal increase in oxygen was noted in this pond, the amount 
at the surface rising from 29.8 cc on January 16, noon, to 42 cc 
on January 17, 12 :30 p. m. This period of very high oxygen lasted 
three days and was correlated with a very large growth of ehloropbyl- 
bearing organisms. During the daytime when these organisms were 
actively producing oxygen the water became alkaline as a result of 
the consumption of carbon dioxid. 

During the years 1901 and 1902, Voigt* made a study of the 
dissolved gases in the Grosser Ploner See. For the determination 
of the oxygen and nitrogen, he unfortunately employed the Tenax 
apparatus which so frequently gives irregular and unreliable results 
according to several investigators. As a consequence some of his oxy- 
gen determinations show wide variations which are wholly at vari- 
ance with the results that have been obtained on "Wisconsin lakes. 
Likewise Halbfass" results for dissolved oxygen in lie Pommeranian 
lakes show irregularities of a similar character and magnitude and 
it seems probable that these variations may be attributed to the 
faulty method employed in making the determinations and also to the 
fact that in some instances the determinations were not made until 
many hours after the samples of water were obtained. 

A striking illustration of the ineffectiveness of diffusion as a 
factor in the distribution of oxygen in a lake, has been given by Hiif- 
ner.* According to his calculations, if the Bodensee, whch is 250 m. 
deep, should lose its supply of dissolved oxygen and should then ac- 
quire a new supply from the air by diffusion alone, it would require 
over a million years for the entire body of water to become saturated 
with this gas. 

Lebedinzen™ has obtained some interesting results on the Caspian 

i Biol. Centralb. XIX, p. 783-9*. 1899. 

aPliiner PnrscJiungeber,, XII, p. 115-144, 1905. 

s Petermanns Mltteilungen, Nr. 136, p. 97, 1901. 

•Arch. Mr An at. und Physiol. (Physiol. Abteil.) 1897, p. 112. 

s Aub der rischzuchtanatalt Nikolek, No. 9, p. 113-136, 1904. 
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and Black seas and on a freshwater lake which he haa studied. In 
these bodies of water, he found oxygen conditions which are very 
similar to those that have been found in some of the Wisconsin lakes. 
In the Caspian sea, which has a maximum depth of about 972 m., be 
found a marked decrease in the oxygen below a depth of 150 m., with 
only a very small amount at and below 575 m. Correlated with this 
was a zonal distribution of the plankton Crustacea. In the upper 
strata Crustacea were abundant and consisted chiefly of copepods ; be- 
low ,1'50 m. tbe copepods decreased in number gradually and the schi- 
zopods increased. A relict fauna was common up to a depth of 350 m. 
but it was entirely absent below this depth. Mollusca have not been 
found at a depth greater than 300 m. 

In tbe Black sea, which has a maximum depth of 2500 m., Lebedin- 
zeff found only minimal amounts of oxygen at depths of 183 to 200 m. 
As the quantity of oxygen diminished, living organisms decreased in 
numbers and no life was found below 183 m. The lower water con- 
tains more salt than the upper, hence it is heavier than the latter and 
as a result there is no vertical circulation to any great depth. Thus 
the lower strata are permanently cut off from contact with the air so 
that it is impossible for this lower water to obtain a supply of oxy- 
gen and this author thinks that such conditions have existed for a very 
long period of time. As a consequence only a little over 7 per cent of 
the maximum depth of the Black sea is habitable. In both the Cas- 
pian and Black seas the lower strata contain a considerable amount 
of hydrogen sulphid. 

In Pestowosee, which is a freshwater lake with a maximum depth 
of 16 m., this investigator found a minimum amount of oxygen at the 
bottom in late July, 0.28 per cent, of saturation. The maximum 
amount for the year was coincident with the lowest temperature of the 
water. 

The following table gives some results for dissolved gases which 
were obtained by Delebeoque 1 on lake Geneva, Switzerland and lake 
Nantua, France. 

1 Les Lacs Francais, p. 240, 1808. 
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5.87 
5.23 
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It will be noted that a uniformly large amount of oxygen. w«fl 
found at all depths from which samples were obtained in lake Geneva, 
Switzerland, there being no marked decrease down to a depth of 
250 m. Wo results are given beyond this depth, so it is impossible 
to say whether or not similar conditions obtained in the deepest water 
where the lake reaches a maximum depth of 309.4 m. Such oxygen 
conditions are very different from those that have been found in Wis- 
consin lakes in July and August, when the above observations were 
made. In our lakes, a more or less marked decrease in the oxygen 
will be found in the lower water at this season. 

In lake Nantua, however, there was a distinct decrease in the dis- 
solved oxygen at a depth of 40 m. This lake has a maximum depth 
of 42.9 m. which is the same as that of lake Geneva, Wisconsin, but 
observations made during three seasons show that the quantity of dis- 
solved oxygen in the lower water of this Wisconsin lake has been dis- 
tinctly smaller by August 15, than the amount which was found in 
lake Nantua on this data (See table, p. 147.) 

With respect to substances held in solution, sea water differs so 
widely from fresh waters that it will not be profitable to make more 
than two or three comparisons here. Under the same conditions af 
temperature and pressure a liter of sea water will hold only about 82 
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per cent, as much oxygen in solution as a liter of distilled water. 
Clowes and Biggs* reacted the conclusion from their experiments that 
this decreased capacity for oxygen is due to the large amount of NaCl 
present in sea water. They found no difference, however, between 
the oxygen capacity of common river water and that of distilled water. 

In some of their marine investigations, Petterason and Ekman a found 
at times a marked decrease in the dissolved oxygen with increasing 
depth. The results given for July 5, 1893, show the presence of 
8.17 cc of oxygen per liter of sea water at a depth of 20 m. ; at 100 m. 
it was 3.09 cc., and at 400 m., 1.33 cc. 

In September, 1903, Lebedinzeff found a marked decrease of the 
dissolved oxygen with increasing depth in the water of Mof jord. The 
amount was only 64.5 per cent, as great at 20 m. as at the surface 
and less than a third as much at 40 m. ; it decreased to 0.24 cc. per 
liter at 100 m. and an average of 0.2 cc. at 200 m. No life was 
found in the 100-200 meter stratum. 

Hell and-Han sen* also observed a marked decrease in the amount 
of dissolved oxygen in the lower water of some oyster ponds situated 
in Norwegian fjords. The ponds were connected with the main 
bodies of water in the fjords only during unusually high tides. In 
the meantime quiescent conditions prevailed during which the dis- 
solved oxygen in the lower water decreased, even disappearing en- 
tirely at a depth of 5 m. or 6 m. in some instances, thus threatening the 
destruction of the oysters. 

i Jour. Soc. Chera. Indus., XXIII, p. 358-9. 1904. 
z Kgl. Sv. Vet. Akad. Handlings,!-, XXIX, No. 6, p. 1-125, 1S97. 
« Aus der FlschzuchtanBtalt Nikolek No. 10, p. 125. 1905. 
* Meddelelser om Oesteravlen III, p. 1-109. 1907. 
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CHAPTER III. 



CARBON DIOXID. 



Carbon dioxid is readily soluble in water and a water which ia 
freely exposed to the air will contain more or less free carbon 
dioxid under normal conditions, as this gas is one of the constituents 
of the atmosphere, being present in the proportion of 3 or 4 parts 
in 10,000. But only a small amount will be absorbed from the air 
because it is taken up only in proportion to its partial pressure. 
The free carbon dioxid of a water, however, will be affected by the 
presence of chlorophyl-bearing organisms when there is enough light 
for photosynthesis, and also, by the presence of decaying organic mat- 
ter. 

The normal carbonates of calcium and magnesium are only slightly 
soluble in pure water; a liter of such water at 16° will dissolve 
0.0131 g. of CaCO a (Schlosing) 1 and at 15° about 0.627 g. of 
MgCOs (Treadwell and Reuter)*. Rainwater, however, contains 
some free carbon dioxid which it has absorbed from the air and it 
obtains still more from decaying organic matter upon its passage 
through the ground. This water which is charged with free carbon 
dioxid is an active agent in dissolving these normal carbonates when it 
comes in contact with them in the ground, being capable of dissolving 
them in proportion to the amount of free carbon dioxid which it pos- 
sesses. That ia, this carbonated water changes the normal carbonates of 
calcium and magnesium which are only slightly soluble in water, to 
bicarbonates which are readily dissolved and carried along with the 
ground water, finally reaching the lake through springs. ThuB in 
addition to free carbon dioxid the ground water entering a lake will 
contain carbon dioxid which is in combination with other substances, 
chiefly calcium and magnesium. Surface drainage water, however, 
will contain a smaller amount of bicarbonates because the soil is 
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usually poor in carbonates aa a result of the leaching that takes place 
in this stratum. 

Soils from various parts of Wisconsin show a wide range in fixed 
carbon dioxid content, the amount varying from a minimum of 0.003 
or 0.004 per cent, of the dry weight to a maximum of 6.0 per cent. 
In the soil and subsoil of sandy regions, such aa portions of northeast- 
ern and northwestern Wisconsin, the average amounts are about 0.04 
per cent, for the soil and about 0.02 per cent for the subsoil. Some 
red clay soils that have been analyzed, show an average of about 0.06 
per cent, with as much as 5.5 per cent, in the subsoil. In some sam- 
ples of soil obtained on the shores of lake Mendota, the fixed carbon 
dioxid ran as low as 0.02 to 0.03 per cent. 

(The carbon dioxid which is found in natural water in chemical 
union with other substances exists in two different states. That 
which is united with the base in the form of norma] or monocarbon- 
ate, such as OaCO s , or MgCOs, iB known as the fixed or combined 
carbon dioxid; and that which i3 required to convert the monocar- 
bonate into a bicarbonate is called the half-bound or bicarbonate carbon 
dioxid and it is indicated in the second member of the bicarbonate 
symbol OaCO,. H 2 CO a . The half-bound carbon dioxid is not in such 
a stable union as the fixed and is, therefore, intermediate between the 
fixed and the free. It is in such a loose combination, in fact, that 
the algae are able to make use of a very large part of it in their pho- 
tosynthetic activities. No portion of the fixed, however, is available 
for the algae. 

Lake Mendota. 

The water of lake Mendota contains from 17 to 29 parts of cal- 
cium per million, the amount varying with the season and also with 
the depth at certain seasons of the year, and from 20 to 26 parts 
of magnesium. The amount of SO. does not exceed 15 to 18 parts 
per million and the chlorin amounts to only about 3 parts, bo it 
seems safe to assume that the calcium and the magnesium are found 
chiefly in the form of bicarbonates. Therefore, they may be re- 
garded as responsible for most of the 70 to 90 cc of half-bound and 
fixed carbon dioxid per liter of water which are found in this lake. 
In the tables of the appendix (p. 152) the results are stated in cubic 
centimeters of carbon dioxid per liter of water at 0° and 760 mm. 

Fixed Carbon Dioxid. There are distinct and regular variations 
in the quantity of fixed or carbonate carbon dioxid during the vari- 
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ous seasons of the year. With the exception of the variations in a 
thin stratum of water just under the ice in winter, however, the 
changes scarcely ever exceed 15 per cent of the average amount con- 
tained in the water at the different seasons. Beginning with the 
water at the time it passes into winter conditions, we find the fixed 
carbon dioxid uniform from surface to bottom as a result of the 
autumnal circulation. The average amount at the time the lake 
froze over on December 16, 1905, was about 38 cc. per liter and on 
December 18, 1906, 34.5 cc. In the former year this amount grad- 
ually increased during the winter to an average of about 39.5 cc. 
throughout the main body of the lake, that is from about 1 m. to a 
depth of 18 m. The increase in the bottom water was more marked 
as it reached a maximum of 43.8 cc. on March 29, 1906. (Fig. 11.) 
During the winter of 1906-7 the fixed carbon dioxid increased to an 
sverage of 36 cc. in the main body of the lake while the bottom water 
reached a maximum of 40 cc Thus it will be noted that the changes 
during these two winters were of about the same magnitude although 
the total quantity in the former year was somewhat greater than in 
the latter. 

The maximum variations take place within the upper meter of 
water and they are caused by the inflow of drainage water, which 
contains only a small amount of fixed carbon dioxid. Consequently 
after every winter thaw which results in a considerable inflow of 
this water, there will be a stratum just under the ice which contains 
a relatively small amount of fixed carbon dioxid. On April 3, 1906, 
for instance, the following results were obtained : Just under the 
ice 3.4 cc. of fixed carbon dioxid per liter of water; at a depth of 
half a meter, 17.6 cc. ; and at 1 m. 37.9 cc. In a few days this 
drainage water becomes mixed with lake water, which contains more 
fixed carbon dioxid and, as this mixing process goes on, a larger and 
larger amount of fixed carbon dioxid will be found in this stratum 
until finally almost or quite the normal amount may be found here 
if the mixing has continued for a auflicient period of time. Then 
this may be followed by another rain or thaw with a consequent in- 
flow of drainage water which forms another stratum that is deficient 
in fixed carbon dioxid. Thus during the winter, there may be sev- 
eral changes in this surface stratum from almost or quite the normal 
amount of fixed carbon dioxid to a relatively small amount, depend- 
ing upon weather conditions. In March, 1906, so much drainage 
water which was poor in fixed carbon dioxid flowed into the lake and 
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became mixed with the tipper stratum, that the water at a depth of 
5 m. contained lees than the normal amount of fixed carbon dioxid. 
(See figs. 8-11 and 29-31, and tables, p. 152.) 

At the completion of the spring overturn the fixed carbon dioxid 
is again uniformly distributed from surface to bottom but there is 
practically no change in amount from that found in late winter. 
The average for all depths on March 29, 1906, a few days before the 
overturn, was 37.5 cc. per liter of water and just after the overturn 
it was found to be 37.6 cc In 1907 the averages were respectively 
35.7 cc. and 35.8 cc Within a short time after the overturn there 
was a decrease at all depths amounting to about 1.4 cc. in 1906 and 
0.9 cc in 1907, after which the quantity remained fairly constant un- 
til early June. During the rest of June and in July, there was a 
decrease in the upper water and the minimum amount (32.6 cc.) 
was found at the surface during the latter part of August in 1906, 
and the minimum for 1907 was 31.8 cc on July 23. A gradual in- 
crease in the amount of fixed carbon dioxid in the bottom water be- 
gan early in June each year and continued during the summer, reach- 
ing a maximum not long before the fall overturn. The changes which, 
the fixed carbon dioxid underwent during the summer of 1906, are 
shown in figures 12 to 21. The autumnal overturn and circulation 
distributed the fixed carbon dioxid uniformly again and there was very 
little change in its quantity until after the lake was covered with ice. 

As yet it has not been possible to determine definitely just what 
causes the decrease in fixed carbon dioxid soon after the vernal over- 
turn of the water. In 1906 the decrease took place within 8 dayB and 
in 1907 within 5 days after the overturn, but no factor was noted 
which could be held responsible for the change. In the former year, 
the water, down to a depth of 18 m., changed from a distinctly alka- 
line reaction to a neutral one during the period of decrease, and thiB 
should have tended to prevent the loss of fixed carbon dioxid. In 
1907 the water changed from a distinctly acid condition at all dopths 
to a neutral one. These facts make the phenomenon still more puz- 
zling. This period of rapid decrease was succeeded by one in which 
the quantity remained fairly constant and then in early summer the 
fixed carbon dioxid began to gradually decrease in the upper water and 
increase in the lower. Gravimetric analyses show that there are 
changes in the quantity of calcium held in solution by the water 
corresponding to the changes in fixed carbon dioxid; that is, that 
there is a decrease of calcium in l£e upper water during the summer 
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and an increase in the lower. The magnesium shows very little or 
no change. Various factors are responsible for the decrease of cal- 
cium in the upper water during the summer. As already stated the 
normal carbonate of calcium is only very slightly soluble in water. 
When the plants remove enough half-bound carbon dioxid from the 
upper water to make it strongly alkaline, the normal carbonate of 
calcium thus produced would tend to precipitate because of its low 
degree of solubility. Since also the normal carbonate is not so soluble 
in warm water as in cold, the increase in the temperature of the water 
during spring and summer would increase this tendency to precipi- 
tate. 

The submerged aquatic plants which grow in shallow water also 
remove much calcium from the upper stratum. Much calcareous ma- 
terial is found both on the outside and within the tissues of Chora 
for instance, and the leaves and sterna of Potamogeton are always cov- 
ered with a tolerably thick incrustation of such material. An analy- 
sis of this crust showed that nearly 34 per cent, of its dry weight 
was calcium and only 0.6 per cent, magnesium. In fact this incrus- 
tation is frequently so thick on the older leaves that it must impair 
their photosynthetic activities very materially. In some portions of 
the lake these plants are abundant, so that they would undoubtedly 
remove an appreciable amount of calcium from the upper water in 
the course of the summer. Analyses of Chora show that 28.2 per 
cent of the dry weight of this plant is composed of calcium and 1.66 
per cent, of magnesium. That is, it contains about 17 times as much 
of lie former as of the latter. Also some of the lime-aecreting algae 
which grow upon the rocks in shallow water remove more or less cal- 
cium from the water, for these rocks are frequently found with a 
tolerably thick coating of lime. 

The molluscan population of the lake is found chiefly in the shal- 
lower water and the calcium removed by them in the formation of 
their shells reduces the stock of thiB substance in the upper water. 

A very small but perhaps an appreciable amount of calcium iB re- 
moved from the upper water by plankton organisms when they die 
and sink into the lower strata. Analyses show that these organisms 
contain over sixty times as much calcium as an equal mass of water. 
But they also contain nearly as large an excess of magnesium and 
there is very little or no increase in this substance in the lower water 
during the summer. It would seem, therefore, that the plankton 
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plays only an unimportant role in the transfer of calcium and mag- 
nesium from the upper to the lower water. 

Several writers have pointed out that precipitation of the carbon- 
ates in sea water and other saline waters is promoted by aeration and 
agitation resulting from wind action. ' It may be that agitation of the 
water in lake Mendota by wind has a tendency to produce a precipita- 
tion of the carbonates although this water is quite fresh, but some 
preliminary experiments along this line gave negative results. How- 
ever, more thorough tests of this nature must be made before the 
question can be definitely answered one way or the other. There is 
undoubtedly a deposition of carbonates along the shore from water 
dashed upon it by strong winds but this deposition would result from 
the evaporation of the water rather than from a precipitation pro- 
duced by agitation. 

The increase in the amount of calcium during the summer below 
the thermoeline is due to several factors also. As a result of tha 
decay of organic matter, the water of this region becomes charged 
with various amounts of free carbon dioxid, the amount increasing 
as the season advances. Any calcium which might be precipitated 
in the water above and sink down into this region would he readily 
dissolved. Also this water which is charged with free carbon dioxid 
would exert a solvent action on any calcium carried down by the 
plankton organisms which die and sink into this region. The maxi- 
mum amount of calcium, however, is found in the water which is in 
contact with the bottom mud. About 24 per cent, of the dry weight 
of mud found on the bottom in deep water consists of calcium and as 
the water in contact with it is charged with free carbon dioxid, some 
of the normal calcium carbonate will be changed to bicarbonate and 
pass into solution. By diffusion, it will then be distributed through 
more or less of the lower water, but the process of diffusion goes on 
bo slowly that a comparatively thin stratum of water will have its 
calcium content increased in this way. The slow currents in this 
bottom water which result from the action of the wind on the upper 
water also aid in the distribution of the water having a high calcium 
content. The fact that there is little or no increase of magnesium in 
the bottom water during the summer is very probably explained by the 
presence of such a comparatively small amount of this substance in 
the mud. Magnesium constitutes only about 1.3 per cent, of the dry 
weight of this mud. (See table, p. 171.) 

Half-bound Carbon Dioxid. In neutral waters and those which 
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possess free carbon dioxid, the half-bound or bicarbonate carbon 
dioxid is equal in amount to the fixed so that a curve representing 
the quantity of half-bound carbon dioxid in auch waters would be ex- 
actly identical with one showing the fixed carbon dioxid. If a 
water gives an alkaline reaction with phenolphthalein, however, it 
signifies that there is an excess of normal carbonate in the water, that 
is, the quantity of half-bound carbon dioxid is smaller than that of 
the fixed. In such a water, the free carbon dioxid may be regarded 
as a negative quantity and the bicarbonate, or half-bound carbon 
dioxid would be the algebraic sum of the fixed and free. 

Chlorophyl-ibearing organisms are able to use a very large portion 
of the half-bound carbon dioxid in their photosynthetio activities, 
which makes this portion of the carbon dioxid a very important 
factor from a biological standpoint. Seyler 1 concluded from his ex- 
periments with Viva that the photosynthetio process stopped before 
all of the half-bound carbon dioxid was used up, but one of his re- 
sults shows that about four-fifths of it could be removed. A set of 
observations on Big Butternut lake, Wisconsin, showed that the plank- 
ton algae had removed about five-sixths of the half-bound carbon di- 
oxid from the upper stratum of that lake. This left a rather large 
excess of normal carbonate in both instances, which made the water 
strongly alkaline. (See fig. 33, p. 185, and table, p. 166.) 

Free Carbon Dioxid. The water of lake Mendota which receives 
a sufficient amount of light to permit photosynthesis, is generally 
well stocked with algae during the greater portion of the year and 
their demands for carbon dioxid are greater than the supply of free 
carbon dioxid which this water obtains from various sources such as 
the air, the respiration of various organisms, the decay of organic 
matter, and the ground water. Consequently they draw upon the 
supply of half-bound carbon dioxid and this results in making the 
upper water alkaline. The degree of alkalinity varies of course, de- 
pending upon several factors, chief among which are the abundance 
and activity of the algae, the season of the year, and the weather 
. conditions. As might be expected it is greatest in summer when the 
phytoplankton is most active and when this activity is reenforced in 
u measure by that of the submerged aquatic plants growing in shal- 
low water. 

As an illustration of the effectiveness of submerged aquatic plants 

i Chem. News, LXX. p. 139. 1894. 
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in producing a high degree of alkalinity, attention may be called to 
some results obtained in a portion of lake Mendota known as Uni- 
versity bay. Tb© head of this bay ia very shallow, scarcely exceeding 
half a meter in depth, and it is fairly well separated from the re- 
mainder of the bay by a bar which is covered by only a few centi- 
meters of water. An abundant growth of aquatic plants, such as 
Carex, Batrachium, Potamogetan, and filamentous algae, ia found in 
this shallow water and they draw heavily upon the half bound carbon 
dioxid for their supply of this gas. Following a period of calm, clear 
weather in June, 1910, it was found that the water in this shallow 
portion of the bay had a very high degree of alkalinity, a maximum 
equivalent to 18.7 cc. of carbon dioxid per liter of water being found 
on June 28. The fixed carbon dioxid amounted to only 28.8 cc per 
liter of water, which was more than 3 cc. less than found in the sur- 
face water of the laka Owing to the shallowness of this water, the 
oxygen liberated by the plants was readily imparted to the air and as 
a result this high degree of alkalinity was accompanied by only a small 
excess of oxygen, the amount being but 30.6 per cent above the satura- 
tion point. 

The degree of alkalinity is measured by the amount of carbon dioxid 
that would be required to convert the normal carbonates into bicar- 
bonates and thus give the water a neutral reaction with phenolphthn- 
lein. For example, a titration of surface water on July 30, 1907, 
showed the presence of 32.3 cc. of fixed and 27 cc of half-bound 
carbon dioxid per liter. The difference between these two — 5.3 cc — 
shows the alkalinity; that is, it would require 5.3 cc. of carbon 
dioxid to convert the normal carbonates into bicarbonates and make 
tie water neutral ; in other words 5.3 cc. of half-bound carbon dioxid 
per liter of water had been removed by chlorophyl-bearing organisms. 
In the diagrams showing the results of single observations, the alkalin- 
ity or negative carbon dioxid is indicated by that portion of the car- 
bon dioxid curve which lies to the left of the zero line and the free 
carbon dioxid by that portion which lies to the right. 

At the time the lake becomes covered with ice, the free carbon 
dioxid is uniform from surface to bottom as a result of the autumnal 
circulation. Just after the ice covered the lake in 1905, the water 
was found to be slightly alkaline at all depths and in 1906, the 
alkalinity amounted to 1 cc. per liter of water. This uniform condi- 
tion does not remain for a very long period of time, however. The 
alkalinity in the upper water increased by 0.3 cc. to 0.5 cc during the 
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winters 1905-06 and 1908-07, and with the exception of one region ii 
remained pretty constant throughout both winters. This exception 
was the thin stratum of drainage water that is sometimes found just 
under the ice and which has already been mentioned as showing large 
variations in oxygen and fixed carbon dioxid. This drainage water 
possessed free carbon dioxid so that just after its appearance this 
water gave an acid reaction but by mixture with lake water and through 
the activities of the algae it was Boon changed to an alkaline condition. 
In this way the water of this stratum my change from alkaline to add 
and back again to alkaline a few times during the winter. 

As already stated, the process of decay in the bottom water, al- 
though very much retarded because of the low temperature, is not 
entirely suspended and its rapidity increases Bomewhat as winter ad- 
vances, as a result of the increase in the temperature of the water. 
Free carbon dioxid, of course, is one of the products of decay and 
enough of it is produced within a comparatively short time after 
the lake freezes over to change lie water from a neutral or dis- 
tinctly alkaline reaction to an acid one and this acidity gradually 
increases during the winter. Thus during the winter of 1905-06, 
the bottom water changed from a slightly alkaline condition at the 
time the lake froze over to a distinctly acid one before the ice disap- 
peared in the spring, there being 5.6 cc of free carbon dioxid per 
liter of water. (See fig. 11.) During the winter of 1906-07, it 
changed from an alkalinity of 1 cc to an acidity of 5 cc. and on March 
6, 1909, (fig. 31), there were 9 cc. of free carbon dioxid at the bottom. 
When the spring overturn is completed the conditions are again 
uniform from surface to bottom, the entire body of water being near 
the neutral point. This homogeneous state lasts as long as the en- 
tire body is kept in circulation. As the algae increase in number 
and become more active in the process of photosynthesis, the alkalin- 
ity increases. Plate VII shows the condition at various depths dur- 
ing the Bummer. The spaces above the zero line represent negative 
carbon dioxid or the alkalinity, while those below the line show the 
free carbon dioxid. Starting with a neutral condition on April 20, 
we find a distinct increase in the alkalinity at all depths, more esps- 
cally in the upper water, up to May 11. Ab a result of incomplete 
circulation after this date, the water below 18 m. soon became acid, 
due to the presence of the free carbon dioxid produced by decompos- 
ing organic matter and by the respiration of organisms, while the 
water at 15 m. sIbo, became acid early in June. The amount of free 
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carbon dioxid at 22 m. varied somewhat during the summer, but the 
total result was an increase to a maximum of 9 cc. near the end of 
September. As long as the water at 10 m. and .13 m. was included 
in the upper Btratum which was kept in circulation by the wind, it re- 
mained alkaline. The maximum alkalinity at these depths was reached 
during the latter part of May ; then it declined somewhat and remained 
fairly constant during the month of June. At both depths however, it 
became acid before the middle of July because a definite thermocline 
was formed above them so that this water was cut off from further 
mixture with that above and the decay which took place there soon 
produced enough carbon dioxid to make the water acid. At 10 m. 
the water remained acid until about the middle of August when 
the thermocline bad moved down to this depth and added this water 
to the circulating stratum. In its downward progress, the thermo- 
cline did not reach 12 m. till after the middle of September, conse- 
quently the water at this depth remained acid until this time. The 
upper 8 meters of water remained alkaline during the entire sum- 
mer because it was kept in circulation by the wind and was the re- 
gion in which photosynthesis was carried on ; the demand for carbon 
dioxid in this process was greater than the supply of free; so some 
of the half-bound carbon dioxid was used, thus keeping the water alka- 
line. The alkalinity at the surface was much greater most of the 
time between early June and late August than at 8 m, but the, differ- 
ence between the surface and 5 m. was not very marked during this 
period. 

A general decline in the alkalinity of the water of the epilimnion be- 
gan toward the end of September and continued until late October. 
This decline was due chiefly to four factors. 1. The temperature of 
the water was falling at this time so that conditions for the summer 
algae, chiefly green and blue green forms, were gradually growing more 
unfavorable and the rising crop of diatoms was not bo active in the pro- 
cess of photosynthesis. 2. As the thermocline was moving down into 
the deeper water rather rapidly at this time, much water which con- 
tained free carbon dioxid was mixed with die alkaline water above 
and the result was a tendency to reduce the alkalinity. 3. Strong 
winds are generally frequent at this season and the circulation of the 
upper stratum would be more vigorous so that the water would be 
frequently exposed to the air from which it could absorb free carbon 
dioxid. 4. The decomposition of organic matter would also furnish 
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free carbon dioxid and much decomposable material was furnished by 
the lower water when it was mixed with the upper. 

The overturning of the water between October 8 and 11 mixed the 
whole body of water thoroughly and resulted in an alkalinity from 
surface to bottom amounting to 2.1 oc The effect of alternation of 
calm and windy periods is shown for the last half of October and the 
early part of November. Strong winds mixed the water thoroughly 
and made conditions uniform. During the calm weather, the alkalin- 
ity in the bottom water decreased rather rapidly as a result of the 
decomposition of organic matter there and on two occasions the bot- 
tom water was found to be acid. There was a decline in alkalinity 
at other depths sIbo but decomposition was greatest at the bottom 
because there was a greater amount of organic material in that re- 
gion. 

Ammonia. In order to determine whether the alkalinity of the 
upper water was due in any appreciable degree to the presence of 
free ammonia, some samples of water taken at the surface and at a 
depth of 1 m. were tested by the direct nesslemation method. With 
phenolphthalein, these samples showed an alkalinity amounting to 3 
cc of carbon dioxid per liter, but only a trace of free ammonia was 
found in the nesslerization tests, the average amount being about 
one part per hundred million. In view of these results free ammonia 
may, therefore, be disregarded as a factor in causing the alkalinity. 
Drown 1 pointed out that free ammonia was lower in the pond waters 
which he studied, in summer than in winter because more of it was 
removed by plants in summer. Plants are capable of using free am- 
monia in their anabolic processes bo they will readily use up more 
or less of the free ammonia in the water. As plants are generally 
more abundant and more active in B umm er than in winter, larger 
quantities of this gas will be removed from the water in summer. 
The upper water of lake Mendota is generally well stocked with 
algae in summer and they undoubtedly are responsible for keeping 
the free ammonia down to such a small quantity. Thresh* states that 
very few natural waters are found which do not contain some trace 
of ammonium salts and that, except in acid, rain, and moorland 
waters, It probably always exists as ammonium carbonate. In the 
form of a neutral bicarbonate, it would not affect the alkalinity 
but, if changed to a normal carbonate through the action of the phyto- 
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plankton, it would affect the alkalinity just the same as a normal car- 
bonate of calcium or magnesium. 

Formates. A question arose as to whether the acidity in the lower 
water in summer might not be due in part to the presence of other 
substances besides free carbon dioxid. It was thought that organic 
acids, such as formic for instance, might be formed in the lower 
water, especially in those lakes where there is no free oxygen in this 
region so that decomposition takes place under anaerobic conditions. 
Accordingly two tests were made on the lower water of lake Mendota 
to determine whether any formic acid was present One test was 
made by Dr. G. I. Kemmerer in July, 1909, on water from which the 
dissolved oxygen had recently disappeared, but he obtained negative 
results. A second test was then made by Dr. W. F. Koelker in late 
September, 1909, on water obtained from the bottom stratum, at 
which depth no free oxygen had been found for almost three months, 
and his results were also negative. The water used for this second 
test showed the presence of 6.8 cc of free carbon dioxid per liter. 
From these results then it seems evident that formic acid is not re- 
sponsible for any of the acidity in the lower water of such a lake 
as Mendota. Whether it is produced in appreciable quantities in 
such lakes an Garvin and Beasley, where the acidity of the bottom 
water is several times as great as in Mendota, has not been determined 
as yet. On the basis of the above results, however, all acidity has 
been attributed to the presence of free carbon dioxid. 

Carbon Dioxid of Othek Lakes. 

For the sake of convenience in discussing the carbon dioxid condi- 
tions, and later also, in discussing their relation to biological condi- 
tions, the lakes that have been studied may be grouped into three 
classes on the basis of the amount of fixed carbon dioxid present- 
It must be remembered, however, that the lines separating the groups 
are drawn rather arbitrarily, since the maximum amount of fixed 
carbon dioxid found in some of the lakes belonging to the first 
group, closely approaches the minimum amount found in some lakes 
belonging to the second, and the same is true of the second and third. 
That is, considered as a whole, these lakes form a continuous series 
from those having the softest water to those having the hardest. 

The first group may be termed the soft water lakes, since their 
waters hold small amounts of calcium and magnesium in solution. 
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In this class have been placed those lakes whose average fixed carbon 
dioxid content does not exceed 5 cc per liter of water. 

Five of these lakes bad lees than 1 cc of fixed carbon dioxid, the 
amount being 0.4 cc. in one, 0.5 cc. in two, 0.75 cc in the fourth, 
and 0.9 cc. in the fifth. In 14 of the 31 lakes belonging to this 
group, the average amount of fixed carbon dioxid was less than 2 cc. 

The second group includes those lakes which may be regarded as 
having a medium amount of fixed carbon dioxid, those which had the 
minimum amount possessed only a little more than 5 cc per liter or 
water, while those at the other extreme had nearly 22 cc Ninety- 
one lakes in all fall within these limits. In 58, the average amount 
of fixed carbon dioxid does not exceed 10 cc per liter of water; in 
22, it was between 10 and ,1'5 cc ; and in 11, it exceeded 15 cc, four 
of which contained more than 20 cc. All of the lakes in northeastern 
and northwestern Wisconsin and Devils lake in the southeastern part 
of the state belong to the first and second classes. The northern lakes 
are situated in a glaciated region where the drift appears to contain a 
comparatively small amount of calcareous material. Devils lake occu- 
pies a quartzite basin which contains very little drift. 

The third class may be regarded as bard water lakes. Those hav- 
ing the minimum amount of fixed carbon dioxid contained on an aver- 
age about 32 cc. per liter while those with the maximum amount had 
nearly 50 cc All of the lakes belonging to this group are situated 
in the southeastern quarter of Wisconsin. 

Soft Water Lakes. In 26 of the 31 lakes belonging to the first 
group, or soft water lakes, the water gave an acid reaction with phe- 
nolphthalein at all depths, thus indicating the presence of free carbon 
dioxid. In the lower water of the deeper lakes there was a higher 
degree of acidity than at the surface, which resulted from the produc- 
tion of free carbon dioxid in that region during the decay of organic 
matter. In some cases also, there was more free carbon dioxid in 
the upper water than would be absorbed from the air and this larger 
amount was doubtless due chiefly to the decay of organic material in 
the upper stratum. 

The five exceptions noted above were Wild Goose (fig. 35), Little 
Sissabagama, and Hammills lake (fig. 63), all in northwestern Wis- 
consin; Clear lake at Minocqua (fig. 65) and Devils lake near 
Bamboo (figs. 66 and 67). In the first three lakes the surface water 
gave an alkaline reaction with phenolphthalein. In Wild Goose lake 
the alkalinity amounted to 0.5 cc of carbon dioxid per liter of Water 
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iit the surface and 0.25 cc at the bottom, but the maximum depth is 
only 4.5 m. In the other two lakes the water was alkaline at the 
surface (equivalent to 0.75 cc) but the lower water contained con- 
siderable free carbon dioxid (8.6 cc and 9.6 cc). In Clear lake the 
water has been acid from surface to bottom two out of the four sum- 
mers it has been visited (see fig. 64) but on August 11, 1909, an 
alkaline stratum was found, being correlated with a region of high 
oxygen. The alkalinity at 7 m. and 8 m. amounted to 0.75 cc. with 
acid water both above and below these depths. (See fig. 65.) On 
July 15, 1910, the water of this lake was alkaline at 6 m. and 7 m. 
(1.0 cc. and 1.4 cc respectively), but it was acid both above and be- 
low these depths. (See table, p. 166.) 

Likewise the water in Devils lake has been acid generally from 
surface to bottom but on June 15, 1907, the surface water was neu- 
tral while that at 3 in. and 6 m. was alkaline. On July 6, 1907, 
the water at the surface and 3 m. was again acid, but still alkaline at 
6 m. and on July 27, it was acid at all depths. The alkaline stratum 
was correlated with a very large growth of Stawrastrum which 
reached a maximum number of 176,000 individuals per liter at 3 m. 
on June 15. (See figs. 66-68, p. 200.) 

The amount of both half-bound and fixed carbon dioxid is small 
in these lakes, of course, and generally both are very uniformly dis- 
tributed from surface to bottom. 

Medium Waters. The quantity of fixed carbon dioxid in lie up- 
per stratum of water of these lakes varied from about 6 cc. in those 
with the softest water to almost 22 cc in those with the hardest In 
several of these lakes which were deep enough to be distinctly strati- 
fied thermally, there was a very marked increase in the amount of 
fixed carbon dioxid in the lower water, more especially near lie bot- 
tom. In Allequash lake the amount in the bottom water exceeded 
that at the surface by as much as 10.3 cc while in others this differ- 
ence varied from 5 cc to 8 cc In the majority of instances, how- 
ever, the difference did not exceed 3 cc. (See figs. 69-71.) 

Among the lakes belonging to the second group, a surface stratum 
varying in thickness from 2 m. or 3 m. to 8 m. or 9 m. was found to be 
neutral in 4 and alkaline in 38 at the time they were visited. The 
maximum alkalinity was found in Butternut lake (fig. 33) where it 
was equivalent to 10.1 cc of carbon dioxid. This high degree of 
alkalinity was correlated with a large growth of algae, chiefly Stau- 
rastrum, Anabaena, and diatoms in the order named. La some other 
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lakes, also, this stratum had an alkalinity of 5 cc to 7 cc, but in the 
great majority it did not exceed 3 cc. An alkaline stratum was also 
found in Silver lake, but it did not lie at the surface. (See figs. 72 
and 73.) On August 21, 1907, the upper water to a depth of 6 m. 
was acid but at 7 m. the alkalinity was equivalent to 1'.5 cc. of car- 
bon dioxid per liter of water while at 9 m. and below it was acid. 
On August 27, 1908, the alkaline stratum was found at 8 m. with 
neutral water at 9 m. and acid both above and below these depths. 
This alkaline stratum was found for a third successive season on 
August 9, 1909. On July 19, 1910, the water of Silver lake was 
alkaline from the surface to a depth of 8 m., neutral at 9 m., and acid 
below this depth. In 4 of the lakes of this group, the water was either 
alkaline or neutral from surface to bottom but the maximum depth of 
these lakes did not exceed 6 m. The bottom water in all except these 
4, was distinctly add and in 49 of the 91 lakes belonging to this 
group, the water was acid from surface to bottom, the degree of acid- 
ity in most cases increasing very perceptibly toward the bottom. 

Hard Water Lakes. Lake Mendota may be taken as a fair ex- 
ample of the third class of lakes, or those which have tolerably hard 
water. Some of the lakes belonging to this group have a greater 
amount of fixed carbon dioxid while others have a smaller amount 
than Mendota bo that this lake may be regarded as a good representa- 
tive of the group. It may be said also that, for the most part, the his- 
tory of the carbon dioxid in the lakes of this group, is substantially 
the same as in lake Mendota. At the time of the vernal and autumnal 
overturns, the carbon dioxid conditions become uniform from surface 
to bottom and remain so as long as the period of complete circulation 
lasts. In a few of these lakes, however, that is, those which are com- 
paratively .small and well protected from winds, the weather condi- 
tions may he Buch that the general circulation is not complete in the 
spring. In such instances the gas conditions do not become uniform 
from surface to bottom. (See table for results on Beasley lake in 
1909, p. 144.) 

Frke Cabboh Dioxid. 

Winter observations have not been made on any lake regularly 
other than Mendota, so that the winter story of this gas must be 
confined to one or two sets of observations on each of seven lakes. 
Taking up first the free carbon dioxid, a set of observations on Green 
lake made on February 15, 3906, ahowed that the water was alkaline 
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from surface to bottom, the degree of alkalinity being equivalent to 
1.6 cc of carbon dioxid at the surface and 1.2 cc. at the bottom 
(66 m.). (See fig. 36.) On February 22, 1906, the upper 15 m. 
of water in Nagowicka lake (see table p. 157) gave an alkaline re- 
action; it was neutral at 20 m. and acid below this depth, the free ' 
carbon dioxid amounting to 4.2 cc per liter of water at the bottom 
(26 m.). On March 16, 1906, the water of this lake was acid from 
surface to bottom and the same condition was found on March 2, 
1907. On March 3, 1907, the water in both parte of Korth lake 
(see fig. 80 and table p. 158) wae acid from surface to bottom. The 
bottom water in the east part contained 7.5 cc of free carbon dioxid 
per liter and in the west part 10.1 cc. The water of Okauchee lake 
(fig. 91) was also found to be acid throughout its entire depth on 
March 4, 1907. On March 19, 1909, it was found that the water 
in Beasley, Long, and Rainbow lakes was acid at all depths (see 
tables pp. 144, 150, 161), the bottom water in Beasley having as 
much as 20.4 cc of free carbon dioxid per liter. 

Only a few of these lakes have been visited either immediately or 
very soon after tie disappearance of the ice in the spring, so the his- 
tory of the free carbon dioxid at this particular period is not very 
complete for any lake except Mendota. In those lakes whose waters 
experience a complete vernal overturn after the disappearance of the 
ice, the free carbon dioxid will be uniform from surface to bottom 
upon the completion of this process. But there are lakes in which 
the vernal overturn is not complete. Results obtained on Beasley 
lake on April 22, 1909, which was only two or three days after the 
ice disappeared, showed that no complete overturn of the water had 
yet taken place and subsequent observations showed that it did not 
take place later. Under these circumstances, the vernal carbon 
dioxid conditions were similar to those found in summer. That is, 
the upper water was alkaline while there was a bottom stratum con- 
taining considerable free carbon dioxid ; but the alkaline stratum was 
thicker in April than in s umme r and the bottom water did not have 
such a large amount of free carbon dioxid in April as it had later 
in the season. The decomposition of organic matter in the lower 
water during the summer adds very materially to the supply of free 
carbon dioxid, so that "by the end of summer this water may possess 
a large quantity of the gas. Garvin lake is a good example of this 
type. Its shores are well wooded and in the autumn it receives a 
large supply of leaves which sink and literally cover the bottom. 
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In addition it supports a large growth of plankton which also fur- 
nishes much decomposable material to the lower water. When this 
material decays a large amount of free carbon dioxid is formed in 
the lower water and, as it escapes very slowly by diffusion, it accumu- 
lates in this region. In this way the bottom water may become so 
highly charged that it will effervesce vigorously when pumped up 
and exposed to the air. This effervescence may be accounted for in 
part by the presence of considerable methane but it seema certain 
that it is due very largely to the large amount of free carbon dioxid 
present. It was found that the bottom water of Garvin lake con- 
tained as much as 49.1 cc of this gas on October 14, 1906, (fig. 53), 
and 30.4 cc per liter on August 1, 1908. The bottom water of Beaa- 
ley lake contained 32.9 cc. of free carbon dioxid per liter on October 8, 
1909. (See tables, pp. 145, 147.) 

In the larger lakes of this class, which are more exposed to the ac- 
tion of the wind, so that there ia a complete vernal overturn of the 
water, the story of the free carbon dioxid is substantially the same as 
in lake Mendota. At the completion of the overturn the Water may 
be neutral or more or less alkaline from surface to bottom and dur- 
ing the period of the vernal circulation it becomes distinctly alka- 
line as a result of the action of the algae. This condition obtains aa 
long as the circulation of the water is complete. When the bottom 
water ceases to take part in the general circulation, however, it soon 
becomes acid, thus showing the presence of free carbon dioxid. ThiB 
stratum of acid water gradually increases in thickness with varying de- 
grees of rapidity in different lakeB until it finally includes all of the 
water below the thermoclina In a deep lake, such as Green for ex- 
ample, all of the water below the thermocline may not become acid 
before late August or early September, but in the shallower lakes, 
those having a depth not to exceed 30 m., all of the water below the 
thermocline generally becomes acid very soon after the lake becomes 
thermally stratified. The free carbon dioxid accumulates in this 
water during the summer but never reaches a maximum of more than 
15 cc. per liter, the amount being much less than this in the larger, 
deeper lakes. The upper water of these lakes remains alkaline during 
the summer, the degree of alkalinity depending largely upon the 
abundance and activity of chlorophyl-bearing organisms. 
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In general, the history of the fixed carbon dioxid differs but little 
from that in lake Mendota. There are the same uniform conditions 
during the vernal and autumnal periods of circulation. The former 
is followed by a period in which there iB a decrease in the fixed carbon 
dioxid in the upper water during the summer and an increase in the 
lower, the amounts of decrease and increase varying very much in the 
different lakes. The summer decrease amounted to as much as 6.7 cc 
in the east part of North lake and only 5 cc in Green. The bottom in- 
crease varied from a minimum of 2.8 cc in Green lake to a little more 
than 20 cc in Garvin. The winter observations that were made on 
lakes of this group, showed the same conditions substantially as found 
in lake Mendota. 

Five lakes, however, have shown some more or less pronounced pecu- 
liarities in their fixed carbon dioxid which require special considera- 
tion. These lakes are Knights, Beasley, Long, and Otter of the Wau- 
paca chain of lakes, and North lake which belongs to the Oconomowoe- 
Waukesha group. The most marked variations have been found in 
Knights, Beasley, and Otter lakes. Some of the diagrams showing 
the results for fixed carbon dioxid in these lakes have well defined 
notches in the region of the thermocline which indicate a stratum of 
water with a smaller amount of fixed carbon dioxid than the water 
either immediately above or below it. The following diagrams show 
such notches in the fixed carbon dioxid : Beasley lake, May and Aug- 
ust, 1906, (figs. 43 and 44) and August 3, 1908, (fig. 46); Knights 
lake, August 14 and 25, 1909, (figs. 55, 56) ; Otter late, August 20, 
1906, and August 13, 1909, (figs. 58, 61). 

With the exception of the observations on Beasley lake in 1906, it 
will be seen that these strata containing a smaller amount of fixed 
carbon dioxid are correlated with excess oxygen, the minimum amount 
of the former being found at the same depth as the maximum amount 
of the latter. Thi3 evidence seems to point to the chlorophyl-bear- 
ing organisms which produce the exceeB oxygen as the cause of the 
decrease in the fixed carbon dioxid. In the process of photosynthesis 
these organisms remove . half -bound carbon dioxid from the bicar- 
bonates in thi3 stratum and reduce them to normal carbonates. 

The presence of normal carbonates in the water gives it an alka- 
line reaction with phenolphthalein and the degree of alkalinity depends 
upon the amount of normal carbonates formed and hence upon the quan- 
6 
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tity of half-bound carbon dioxid removed. The increase in alkalinity 
in these lake waters does not continue indefinitely, however. It rarely 
becomes greater than equivalent to 7 cc to 8 cc. of carbon dioxid per 
liter of water. When the alkalinity reaches this stage, it appears that 
some of the normal carbonates are precipitated and this prevents fur- 
ther increase. This precipitate sinks into the lower water and leaves 
the high oxygen stratum with a decreased amount of fixed carbon 
dioxid. This decrease is represented by a notch in the fixed carbon 
dioxid curve. Analyses show that this notch is due almost entirely to 
a decrease in the calcium. CaCO s is less soluble in water than MgCOs 
and of course will be precipitated first. (See tables, p. 144.) 

Fig. 7 (p. 106) shows results of analyses of water obtained at differ- 
ent depths in Beasley lake on August 3, 1908. These results are ex- 
pressed in parts per million. The samples were taken at the same 
time and from the same depths as samples for the determination of 
the carbon dioxid and the dissolved oxygen. The curve representing 
the calcium shows a notch corresponding to the one indicated in the 
fixed carbon dioxid. (See fig. 46.) There was a decrease in the mag- 
nesium at this depth also, but the quantity of magnesium below the 
thermocline did not increase sufficiently to give a well marked notch 
in this curve too. Judging from these results, it appears that the loss 
of calcium in this stratum is chiefly responsible for the decrease in 
fixed carbon dioxid and that magnesium plays a minor role. (See 
tables, p. 144.) 

In some instances the smaller amount of fixed carbon dioxid was 
correlated with neither a very large excess of oxygen nor a marked 
alkalinity. The most probable explanation of this seems to be 
that these observations were made at a time when the organismB 
which were responsible for these conditions, were on the decline in 
number and activities, so that the decay and respiration taking place in 
this region would soon reduce the alkalinity as well as use up some 
of the excess oxygen. 

It is interesting to note that no decrease of fixed carbon dioxid has 
been found in the excess oxygen stratum before the quantity of dis- 
solved oxygen amounted to 14 cc or 15 cc per liter of water. On the 
other hand it may be said that 14 oc to 15 cc have been found in 
strata which did not show any decrease in fixed carbon dioxid. 

Turning now to the results obtainea on Beasley lake in 1906 (figs. 
43 and 44) we see that the stratum with a smaller amount of fixed 
carbon dioxid was distinctly below the region of excess oxygen and 
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increased alkalinity. The difference in depth between the maximum 
amount of oxygen and the minimum amount of fixed carbon dioxid 
varied from 3 m. on May 18 to about 1 m. in August. Furthermore 
the curves show that the minimum amounts of fixed carbon dioxid were 
found at depths where the water was either neutral or acid, and con- 
tained less dissolved oxygen than the amount required for saturation. 
There are two possible explanations of this phenomenon, neither. of 
which is very satisfactory. The paucity of fixed carbon dioxid in this 
stratum might have been the result of the activities of chlorophyl- 
bearing organisms just as indicated above for Beasley lake in 1908, 
and for other lakes. But this explanation would necessitate the sup- 
position that the organisms responsible for this condition had run their 
course and disappeared and that, likewise, all traces of alkalinity and 
excess oxygen had disappeared from this stratum by May 18. Fur- 
thermore, it would be necessary to suppose that all of this had taken 
place in about a month's time, for the ice does not usually leave Beas- 
ley lake before the middle of April and the spring circulation disturbs 
the' water to a greater depth than this stratum, so this condition could 
scarcely have been produced in the winter and remained through the 
spring. Aa soon, however, as the thermocline was well established, 
which was some time previous to May 18, this stratum would not be 
subject to further disturbance until the thermocline moved down to 
this depth in late summer, and this would readily account for its pre- 
servation during the summer. 

On the other hand, it is possible that this stratum was the result of 
purely physical factors. Three sets of observations have been made 
on Beasley lake in the latter part of April (April 26, 1907, April 17, 
1908, and April 22, 1909) and in each case the fixed carbon dioxid 
was found to be much smaller in quantity, except near the bottom, 
than the average amount a month later, or in fact at any time during 
the summer. This smaller amount of fixed carbon dioxid resulted, 
doubtless, from the dilution of the lake water with a large amount of 
surface drainage water during the early spring floods. The water 
which flows into the lake through Beasley brook, the inlet, generally 
contains a larger amount of fixed carbon dioxid than was found in 
the main portion of the lake in April. Both the inlet and outlet 
are situated at one end, so that the water flowing into the lake may 
pass on through without being mixed with any large amount of the 
surface water. In this way, the incoming brook water which con- 
tains a larger amount of fixed carbon dioxid would be mixed with 
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the surface water of the lake slowly and gradually so that enough 
time would elapse for the formation of a more or less distinct thermo- 
eline before the mixing process would reach this depth. 

The thermocline region then and a stratum below would consist of 
water which had a smaller amount of fixed carbon dioxid as a result 
of the spring floods, and there would be no further chance for the 
mixture of this water with that above after the formation of the ther- 
mocline except as the latter gradually moves down deeper as summer 
progresses. It appears that some of the bottom water, about 2 m. 
generally, may not be disturbed very much at the time of the spring 
overturn and circulation, so that it retains a considerable amount of 
free carbon dioxid and also possesses much more fixed carbon dioxid 
than the water above which has been diluted with drainage water. 
This would form a surface and a bottom stratum with a larger amount 
of fixed carbon dioxid than the middle one. The increase in the 
thickness of these two strata would produce a sharply denned middle 
stratum which was deficient in fixed carbon dioxid. But no observa- 
tions were made earlier than May 18, 1906, and consequently there 
are no definite evidences to show how this stratum was formed in 
that year. (See table, p. 144.) 

The results for fixed carbon dioxid in Long lake for July 7 (fig. 
93), and August 22, 1906, June 24, 1907, (fig. 95), and July and 
August, 1907, present small irregularities in the mid-stratum of the 
lake which were in all probability the result of physical conditions. 
This is a long, narrow lake and at its upper end, a stream of water 
flows into it from Beasley and another from Columbian lake. There- 
fore it does not seem at all unlikely that this inflowing water might 
form a surface stratum in spring over water which had been diluted 
by the spring floods and thus contained a smaller amount of fixed 
carbon dioxid. Then the increase in the fixed carbon dioxid in the 
bottom water would produce the conditions noted on the above dates, 
that is, a more or less definitely defined middle stratum which contains 
a somewhat smaller amount of fixed carbon dioxid than either the 
water above or that below. This stratum in Long lake is too poorly 
defined and too deep to be attributed to biological factors. 

The fifth lake which requires special mention is North lake which 
belongs to tie Oconomowoc-Waukesha group. This body of water 
consists of two parts which are connected only by a shallow channel, 
so that the two parts are in reality two distinct lakes. The water con- 
tains more fixed carbon dioxid than any other lake that has been 
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studied. Judging from the results obtained in May and June, 1907, 
it seems probable that the fixed carbon dioxid is substantially the same 
in amount in both parts during the spring flood and circulation per- 
iods. Then, as the season advances a difference arises. In 1906 
this difference waB well established as early as May 1 1, on which date 
the first set of observations was made in that year. The excess of 
fixed carbon, dioxid in the east part varied from 1 cc. to 4 cc during 
the entire season, that is from May to October. In 1907 the amount 
of this gas waB substantially the same in both parts in May and June, 
slight differences being noted in the latter month; on July 10 the 
excess in the eastern part averaged somewhat less than 1 cc. per liter 
of water down to a depth of 8 m., below which the two parte were 
about the same; on September 4 the differences at all depths varied 
from 2 cc. to 4 cc., the eastern part having the larger amount. A set 
of observations made on July 31, 1908, Bhowed differences of this 
magnitude, also. (See table p. 158.) 

The increase in the fixed carbon dioxid of the eastern part is 
doubtless accounted for very largely by the fact that it receives a 
considerable amount of spring water which contains about 2.1 per 
cent, more fixed carbon dioxid than the lake water. So far as can 
be determined, very little ground water enters the western part so 
that its supply consists almost entirely of the overflow from the east- 
ern portion. 

In 1906, the west part showed an unusual distribution of the fixed 
carbon dioxid in three sets of observations. The curves for July 30, 
and September 18 (figs. 77, 78), show a slightly greater amount of 
this gas in the lower part of the thermocline than in tbe water above 
or in that immediately below this region. This condition was estab- 
lished some time between June 29 and July 30 as it was not found 
on the former date but was on the latter. There was a marked de- 
crease in the fixed carbon dioxid in the upper 4 m. of water during 
this interval of time and the increase in the 5-8 m. stratum probably 
resulted from normal carbonates which were precipitated out of the 
upper water and and were redissolved below upon reaching water 
which was charged with free carbon dioxid. 

On the assumption that the half-bound carbon dioxid is equal to 
the fixed in neutral and acid waters, it is not necessary to discuss 
this part of the carbon dioxid, for its history would be tbe same as 
that of the fixed carbon dioxid in such waters and in alkaline waters, 
its amount would be equal to the algebraic sum of the fixed and the 
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alkalinity, the degree of the latter being represented by a negative 
quantity. 

Fkee Cabbon Diosm, Waupaca Lakes. 

The diagrams representing the seasonal results on the Waupaca lakes 
(Plates VIII to X) are similar to the one already described for Men- 
dota (Plate VII). That is, the zero line indicates neutrality, the 
space above this line indicates the degree of alkalinity, and the apace 
below showB the amount of free carbon dioxid. The diagram for 
Beasley lake on March 19, 1909, (fig. 48) Bhows the late winter 
conditions in this lake and it will be noted that the water was dis- 
tinctly acid at all depths, the maximum amount of free carbon dioxid 
being 20.4 cc. per liter of water at the bottom. Two or three days 
after the disappearance of the ice, that is, on April 22, conditions 
were very different with respect to free carbon dioxid. The water 
was found to be neutral at a depth of 6 m. ; above this depth it waa 
distinctly alkaline and below distinctly acid. The maximum amount 
of free carbon dioxid was 7.8 cc. at the bottom, just a little more than 
a third as much as had been present a month earlier. The seasonal 
diagram for Beasley lake (Plate VIII) shows that most of the water 
above 10 m. became alkaline by May 5 as a result of the action of 
chlorophyl-bearing organisms and of the circulation of the water 
which had extended nearly to this depth. But the water at 8 m. 
soon became acid and remained so during the rest of the season. 
With the exception of the water at 6 m. on July 1, the entire 0-6 m. 
stratum remained alkaline from April 22 till about the middle of 
October when enough of the lower water which was strongly acid, was 
mixed with the upper to make the water acid at all depths. None of 
the upper water was ever found with a very high degree of alkalinity, 
however. 

There was a small but gradual increase in the amount of free 
carbon dioxid at 10 m. as the season advanced, a more marked in- 
crease at 12 m. but the largest increase was at 14 m. where the 
amount reached a maximum of almost 33 cc per liter of water on 
October 8. The autumnal overturn made conditions uniform from 
surface to bottom and the amount of free carbon dioxid in the lower 
water together with that which was formed by the decay of organic 
matter during the overturning process, was great enough to make the 
water acid at all depths at the completion of the overturn. The 
curve for 14 m. shows some rather -wide variations in the amount of 
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free carbon dioxid at different times but it is not to be supposed that 
changes of such a magnitude take place in the bottom water which is 
practically undisturbed during the summer. These variations are 
to be attributed rather to differences in the distance from the bottom 
mud at which these bottom samples were obtained. The generation 
of free carbon dioxid was greatest, of course, in the bottom ooze be- 
cause it- contained the greatest amount of decomposable matter and 
the nearer to this ooze a sample was obtained, the larger would be 
the amount of free carbon dioxid. It was impossible to obtain a sam- 
ple at exactly the same height above the ooze each time, since depths 
were measured from the surface, and the boat was not anchored at 
precisely the same place in the different visits. 

The seasonal diagram (Plate IX) for free carbon dioxid in Long 
lake shows that the water was either neutral or alkaline at all 
depths on May 5. All the water from 10 m. to the bottom soon be- 
came acid and remained so during the rest of the season. That at 
8 m. became acid in early June and continued so, while that at 7 m. 
became so about the middle of June and, with two exceptions, when it 
was neutral, it remained acid throughout the season. The curves for 
6 m. and 7 m. show that the line of neutrality in this lake as well 
as in Beasley lay somewhere between these two depths during most of 
the summer. 

There were two maxima in the alkalinity of the upper water, one 
on June 3 and the other on September 24, with a marked decrease 
on July 1. The maximum amount of free carbon dioxid at the bot- 
tom was found to be approximately 14 cc on October 8. In Long 
lake, also, the water was found to be slightly acid at all depths at the 
completion of the autumnal overturn. (See tables, pp. 144, 150.) 

The water of Rainbow lake was neutral at all depths on May j 
but within the next two weeks it had separated into an upper alka- 
line stratum and a lower acid stratum with 15 m. as the dividing 
line (see Plate X). By June 3, the water at 10 m. had become 
acid and it was more strongly so on June 17, but on July 1 it was 
neutral at this depth and distinctly alkaline on July 16. A compari- 
son with the oxygen diagram (Plate VI) will show that this change 
from an acid to an alkaline reaction was correlated with a marked 
increase in the oxygen at 10 m. Both of these phenomena were the 
result of the pbotosynthetio activities of chlorophyl-bearing organisms 
in this region. At the end of the next two weeks the water at this 
depth was distinctly acid and it remained so until late October. The 
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9 m. water remained alkaline until about the middle of August when 
it too became acid and continued so until late October. 

By May 19, the 8 m. water had become distinctly alkaline and it 
remained alkaline till November 12 with the exception of the set of 
observations made on September 9. The stratum above 8 m. was 
alkaline also from May 19 to November 12. There were two maxi- 
mum periods of alkalinity in the upper water during the season, one 
about the middle of June and the other during the latter part of Sep- 
tember. These were separated by a distinctly lower alkalinity dur- 
ing the month of July. It will be noted that this period of lower 
alkalinity in the 5-8 m. stratum was correlated with an excess of 
oxygen in this region and that the two maxima of alkalinity were not 
correlated with a maximum of oxygen. The June maximum of 
alkalinity was correlated with an increase in the number of green and 
blue green algae but these algae continued to increase in number dur- 
ing the latter part of June while the alkalinity was decreasing. The 
September maximum was not correlated with any increase in algae. 

The maximum amount of free carbon dioxid was found at the bot- 
tom (27 m.) on October 8 and it amounted to just a little less than 
10 cc. per liter of water. At the completion of the autumnal over- 
turn, the water was again neutral at all depths, thus completing its 
summer cycle and returning to the same condition which was found 
on May 5. (See table, p. 162.) 

Voigt's 1 results for free carbon dioxid in the Grosser Ploner See 
show that the upper 5 m. of water remained alkaline, with only a 
few exceptions, during the period covered by his observations. The 
water was alkaline also at 10 m. in about half of the observations 
made at this depth, but below this depth it gave an acid reaction, ex- 
cept from December to April when the water was alkaline at all 
depths. 

Several investigators have found that sea water is alkaline, no 
trace of free carbon dioxid being found until very considerable depths 
are reached. The total amount of half-bound and combined carbon 
dioxid may not exceed 50 cc. per liter of Bea water (Tornoe 1 49.0 cc. ; 
Pettersson and Ekman" 40.65 to 48.72 cc.) while in some of our hard 
water lakes, the half-bound and combined carbon dioxid may reach 80 
cc. to more than 90 cc, in the upper part of the lake when the water 

i Planer Forschungsber.. XII, p. 115-144. 1906. 

a Jour. r. Prakt. Chemie. XX, p. 4 4-75, J87B. 

»KgI. Sv. Vet. Akad. Handllngar, XXIX, No. 5. p. 1-12H, 1807. 
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is alkaline and may exceed 100 cc. in the lower water in summer when 
this region is acid. 

Oabboh Droxro m Ground Waters. 

The waters of 11 springs and 29 wells, representing each of the 
three general lake regions considered in this report, were tested for 
carbon dioxid. These springs and wells are situated on the shores of 
lakes and their waters ought to give a fair notion of the carbon dioxid 
content of the ground waters in the vicinity of the lakes. 

All of these waters contained free carbon dioxid, but the quantity 
was very variable in each of the three regions. In the ground waters 
of northeastern Wisconsin, the quantity ranged from a minimum of 
1.3 cc. per liter to a maximum of 38-7 cc ; in northwestern Wisconsin 
from 2.8 cc to 47.8 cc ; and in the southeastern part of the state from 
4.2 cc to 29.1 cc. 

There was also a marked difference in the fixed carbon dioxid eon- 
tent of these spring and well waters. In 17 springs and wells in the 
northeastern part of the state, the fixed carbon dioxid varied from 2.8 
cc to 26.3 cc per liter of water. The quantity exceeded 9.1 cc in 
only two instances and, omitting them, the mean for the remainder 
is 6.1 cc The quantity of this gas was smaller than that in the adja- 
cent lake water in 4 cases, equal to it in 5, and greater in 8 instances. 
In the northwestern lake region, the quantity of fixed carbon dioxid 
ranged from 1.8 cc. to 34.7 cc Eleven waters were tested and the 
mean for them is 12.6 cc In 4 instances the ground water contained 
a smaller amount of fixed carbon dioxid than the adjacent lake water, 
in one case the two were equal and in 6 the lake Water contained a 
smaller amount In the ground waters of southeastern Wisconsin, 
the quantity of fixed carbon dioxid ranged from 44.3 cc to 111.8 cc 
per liter. The mean for 18 waters is 64.6 cc In comparison with 
the waters of adjacent lakes, the amount of this gas was approximately 
the same in some of the ground waters as in the bottom waters of the 
lakes, while in others the former contained two and a half times as 
much. Since the surface waters of these lakes contain a smaller quan- 
tity of fixed carbon dioxid in summer than the bottom waters, a com- 
parison of them with the ground waters would show differences 
somewhat greater. 

In the ground waters of northeastern and northwestern Wisconsin, 
there was a greater range of fixed carbon dioxid content than in those 
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of the southeastern section of the state. In the northeastern part, the 
maximum quantity of this gas is nearly ten times as great as the mini- 
mum ; in the northwestern part, nearly twenty times as great ; and in 
the southeastern part only two and a half times as great. The wide 
range of variation in the northern sections is due to local variations 
in the composition of the glacial drift, more especially to an irrgular 
distribution of calcium and magnesium. All of the waters contained 
free carbon dioxid, thus showing that they were not saturated with 
carbonates; therefore it seems safe to assume that these carbonated 
waters converted the normal carbonates of calcium and magnesium of 
the drift through which they percolated, into the bicarbonates which 
were found in the waters, in proportion to the amount of these car- 
bonates in the drift In the southeastern portion of the state, these 
carbonates are much more abundant and more evenly distributed in 
the drift and bed rock so that the variations in the fixed carbon dioxid 
content of the ground waters are not so great. 

Lake water may be regarded as a mixture of water which is derived 
from two sources, viz., ground water and surface drainage water, to- 
gether with the rain or snow which falls directly into the lake. The 
former is derived from springs and seepage and reaches the lake 
either directly from springs on its shores or through affluents when a 
lake possesses them. The surface drainage Water is that which falls 
upon the earth and drains into the lake or its affluents quickly with- 
out percolating through much or any of the ground. This water pos- 
sesses only a small amount of fixed carbon dioxid, if any, because it 
comes into contact with the soil only, or at most with a small portion 
of the sub-soil, both of which contain but small amounts of the alka- 
line earths. As a result this surface water contributes but a compara- 
tively small quantity of bicarbonates at most, while rain and snow 
contribute none. The ground water, therefore, is practically the sole 
source of bicarbonates. The other water, however, plays an impor- 
tant role in determining the amount of bicarbonates in lake water 
because it dilutes the solution furnished by the ground water. The 
quantity of bicarbonates dissolved in a unit volume of water in any 
lake is the result of the mixture of the ground water entering the, 
lake from various sources, and its dilution with surface water and 
rain. In general the greater the proportion of ground water, the 
greater is the relative amount of bicarbonates. 

The difference in the proportion of the water derived from these 
two sources doubtless accounts for the annual variations in the quan- 
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tity of fixed carbon dioxid in lake watem During seasons and years 
in which snow and rainfall are more abundant, the proportion of water 
coming from these sources is greater than at times of smaller precipi- 
tation and the ground water is correspondingly diluted. This general 
statement applies more particularly to the hard-Water lakes of south- 
eastern Wisconsin where the ground water seems always to carry as 
large an amount of bicarbonates as the adjacent lake water or more. 
In northern Wisconsin the irregularity of the distribution of calcium 
and magnesium is such that the ground water often contains a smaller 
amount of these substances than the water of the adjacent lake. In 
such instances, this part of the ground water would serve to dilute the 
solution of bicarbonates furnished to the lake by ground water enter- 
ing from other directions. 

Large flowing springs are not frequent in the vicinity of tie lakes 
owing to the depth of the covering of glacial drift, and, in most in- 
stances, the volume of water derived from the ground is small in com. 
parison with the volume of the lake. Exceptions must be made for 
certain small, spring-fed lakes, such as Knights and Otter lakes, which 
receive a large supply of water from springs. In these lakes, however, 
as in all others, no springs have been found in deep water, so that prae- 
. tically all of the ground water is contributed to the upper water of 
the lake where the demand for carbon dioxid by chlorophyl-bearing 
organisms is greatest. 

Relation Between Carbon Dioxid and Oxygen. 

In the process of photosynthesis, chlorophyl-bearing organisms con- 
sume a volume of carbon dioxid equal to the volume of oxygen pro- 
duced but in no case has this direct relation been observed in the lake 
waters, as a result of the activities of such aquatic organisms. Other 
processes which affect the quantity of both gases are taking place 
simultaneously and these tend to modify and obscure the results of 
the photosynthesis. When this action takes place in the upper stra- 
tum which is kept in circulation by the wind, this water will be ex- 
posed to the air from time to time and will part with some of its ex- 
cess oxygen, if the amount rises above the saturation point. Also 
when exposed to the air, this water will have an opportunity to obtain 
carbon dioxid. 

In the thermocline region and below, however, the water is not sub- 
ject to such disturbances by the wind, and if oxygen is liberated in 
this water, practically none of it will be lost in this manner. But 
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the quantity of these two gases dissolved in the lower as well as in 
the upper water, will be affected by the respiration of living organ- 
isms and the decay of organic matter. Thus, they will add to the 
complexities which make it difficult to trace the relationship between 
carbon dioxid consumption and oxygen production, for both processes 
take place in the stratum in which photosynthesis is in progress. 

The largest amountB of excess oxygen have been found in small 
spring lakes, that is, lakes which receive a very large portion of their 
water supply from springs. This spring water (see p. 88) contains 
an abundance of available carbon dioxid which could be utilized by 
the chlorophyl-bearing organisms, but just how this inflowing water 
could furnish the required amount of carbon dioxid without the oxy- 
gen content of the supersaturated stratum being affected thereby, is 
not evident, for this spring water is very generally deficient in oxy- 
gen. So far as these results go, this must be left as one of the un- 
solved problems at present It has not yet been possible to follow 
closely an excess oxygen phenomenon through all stages of its de- 
velopment and disappearance and such a study would doubtless throw 
some light on this relation between carbon dioxid and oxygen. 

In observations made on lake Mendota in September, 1908, it was 
found that there was a general tendency for the alkalinity to increase 
as the quantity of oxygen increased but there were appreciable varia- 
tions. Sometimes the loss of half-bound carbon dioxid was greater 
than the gain in oxygen and sometimes it was less. In the other 
lakes in which excess oxygen has been found, it may be said in gen- 
eral that the carbon dioxid decrease (both free and half-bound) by 
no means accounted for the quantity of oxygen produced. 

Neither is it possible to trace any direct relation between the oxy- 
gen consumption in the lower water, due chiefly to the decay of or- 
ganic matter, and the increase of free carbon dioxid there. Some of 
the oxygen is used up in the formation of water during the process 
of decay and carbon dioxid is formed in excess of the amount of dis- 
solved oxygen consumed, for this gas is freely formed even when de- 
cay takes place under anaerobic conditions. 
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CHAPTER IV. 



LAKES IN INDIANA. 



The four lakes in Indiana (Maxinkuckee, Cook, Holem, and Tippe- 
canoe) which have been visited, are situated in the northwestern part 
of that state. They are located in a glaciated region and their physi- 
cal features do not differ essentially from those of lakes in southeast- 
ern Wisconsin. These Indiana lakes are some distance south of the 
southernmost lakes in Wisconsin that have been studied, where the 
climate is milder but the difference in climate is not sufficient to make 
any apparent differences in the general thermal and chemical condi- 
tions. 

Lake Maxinkuckee has an area of about 750 ha. and a maximum 
depth of 26.8 m. It was visited on September 20, 1907, and the 
temperature and oxygen conditions were found to be essentially the 
same as have been observed in lake Mendota at about this season of 
the year. The region above the thermocline contained an abundance 
of dissolved oxygen ; most of this water being completely saturated or 
slightly supersaturated with this gas. There was a marked decrease 
in the amount of oxygen in the thermocline and the water from 13 m. 
to the bottom, about half the maximum depth, contained no free oxy- 
gen. (See fig. 113, p. 221, and table, p. 169.) 

An upper stratum of water about 8 m. in thickness was alkaline, 
showing a maximum alkalinity of 3.8 cc. at the surface. The water 
was neutral at 9 m. and acid below this depth, with a maximum of 
5.3 cc of free carbon dioxid at the bottom. 

The water of the main part of lake Maxinkuckee contained from 
15 to 30 per cent, less fixed carbon dioxid than the other three In- 
diana lakes and about this much less than has been found in similar 
lakes in southeastern Wisconsin. The amount varied from 24.5 cc. 
per liter of water at the surface to 31.6 cc. at the bottom, but in a 
portion which is known as the Kettle Hole, it varied from 26.8 cc. 
at the surface to 40 cc. at the bottom (11.5 ra). 
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Cook and Holem lakes are situated only a few kilometers north 
of lake Maxinkuckee and they were visited on September 23, 1907. 
Both of these lakes are rather small and have shallow margins, for 
the most part, which support an abundant growth of aquatic vegeta- 
tion. For this reason they possess some characteristics in common 
with bog lakes and the results for oxygen and free carbon dioxid give 
abundant proof of the effect of these physico-biological conditions on 
the chemical status of the water. The former has a maximum 
depth of 14.5 m. and the latter 8.25 m. 

Both had a well marked thermoeline at the time of these observa- 
tions. The quantity of oxygen found in the upper water of both 
lakes was considerably below the saturation point, the percentage 
of saturation in the surface water of Holem lake being a little less 
than 72 and of Cook lake 81.2. This was practically the average 
amount for this entire stratum and such a condition seems to indi- 
cate that much decomposition of organic matter was taking place 
along the margins of these lakes as well as in the limnetic region, al- 
though a comparatively small amount of plankton was found. The 
quantity of dissolved oxygen decreased rapidly in the thermoeline 
and the lower water in both lakes contained no free oxygen. (See 
figs. 112 and 114, p. 220, and table, p. 169.) 

The water in both lakes was acid from surface to bottom, Holem 
lake being more strongly so than Cook. In the former the free car- 
bon dioxid varied from 1.2 cc. per liter of water at the surface to 18.7 
cc at the bottom, and in the latter from 0.5 ce. to 7.5 cc "While there 
was a distinct increase in the amount of fixed carbon dioxid with in- 
creasing depth in Cook lake, yet the increase was much more pro- 
nounced in Holem lake. In the latter it rose from 35.5 cc. at the 
surface to 58.8 cc at the bottom. 

Tippecanoe lake has an area of about 365 ha. and a maximum 
depth of 35 m. It is a long, narrow lake and the deepest part com- 
prises only a small portion of the entire area, as shown by the hydro- 
graphic map of Large. 1 Fairly high, wooded shores along a great 
portion of the deepest water, protect this part from winds so that the 
upper stratum which is kept in circulation by the wind in summer is 
comparatively thin, the thermoeline extending from 6 m. to 10 m. 
on September 17, 1909. (See fig. 115.) On this date the water 
contained more or less dissolved oxygen at all depths but there were 

iProc. Ind. Acad. Set 1896, p. 298. (1897.) 
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four fairly well marked strata. The oxygen curve shows an upper 
stratum which contained 3.1 cc to 6.0 cc of dissolved oxygen; 
the stratum between 8 m. and 10 m. contained only a small amount 
of free oxygen, there being only a trace at 9 m. ; the stratum from 
11 to 27.5 m. contained varying amounts, the maximum being about 
40 per cent, of the amount at the surface ; at the bottom there was i 
stratum with only traces of free oxygen. Attention has already been 
called to similar conditions in Wisconsin lakes but in none of them 
has so large an amount of free oxygen been found in the region below 
the thennocline, that is, between the two strata which were very poor 
in oxygen. (See p. 50.) 

The 0-5 m. stratum was alkaline, the maximum alkalinity being 
at the surface 2.3 cc. ; the water was neutral at 6 m. and acid below 
this depth, the maximum acidity being 7.5 cc of free carbon dioxid 
at the bottom. The fixed carbon dioxid varied from 34.4 cc, per 
liter of water at the surface to 36.9 cc. at the bottom. (See table, p. 
169.) 
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NITROGEN, METHANE, CARBON MONOXID, AND OTHHR GASES. 

Nitrogen. The determinations of dissolved nitrogen were discon- 
tinued after the summer of 3 906 when the boiling method was given 
up entirely. In fact, only about 60 determinations were made dur- 
ing the season of 1906, so the following discussion is based chiefly 
on the results obtained in 350 analyses made in 1905. Nitrogen 's 
such an inert gas that the quantity dissolved in lake waters is not 
affected by the various chemical and biological processes which take 
place in a lake. For this reason there was no hesitation in discon- 
tinuing its determination for the purpose of making a more thorough 
study of the oxygen. The dissolved nitrogen varies somewhat in 
amount because it is more soluble in cold than in warm water; hence 
the maximum amount is found in winter. As the water becomes 
warmer in spring and summer, the quantity decreases so that, by the 
last of June, the upper stratum usually does not contain more than 
65 to 67 per cent, as much as in winter. During the vernal period 
of circulation, in lakes where this circulation is complete, the water 
at all depths remains substantially saturated with nitrogen as long as 
this complete circulation lasts. During the summer, the upper water 
which is kept in circulation by the wind and freely exposed to the 
air, will also be found nearly or quite saturated with this gas. In 
the theprmocline region, however, and below, the water may contain 
an excess of nitrogen. 

The residual gas, that ib, that which remained after the removal of 
oxygen and carbon dioxid from the gas obtained by boiling, has been 
regarded as nitrogen in most cases. In some instances, however, all 
of this residue can not be so regarded for more or less methane was 
found in the lower waters of some lakes; but in the great majority 
of cases, there was either no methane in this residue, or the quantity 
was not large enough to affect the results appreciably. Residues 
from 8 lakes were further analyzed for other gases, snch as hydrogen, 
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carbon monoxid, and methane and they showed substantially the same 
nitrogen conditions as were found in. other lakes. In all of them, 
the upper water was found to be substantially saturated with nitrogen; 
in 7, the amount was 12 to 16 per cent, above saturation in the re- 
gion of the thermocline and below; while in Otter lake, it was 18 to 
37 per cent above the saturation point. 

This excess may have been produced in either or both of two ways. 
The lower water will be substantially saturated with nitrogen at the 
end of the vernal period of circulation. As the season advances, the 
temperature of this water rises more or less, hence its capacity for 
this gas decreases. This would tend to liberate some of the nitrogen ; 
but the hydrostatic pressure at this depth and the lack of circulation 
tend to prevent its escape. likewise, the rate of diffusion is so low 
that very little will be lost in this manner. As a result, the nitrogen 
remains in the lower water and produces supersaturation. Ground 
water frequently contains an excess of nitrogen and some of die ex- 
cess in lake water may come from this source. It seems probable that 
some of the excess nitrogen found in the lower water of Otter lake 
is due to ground water. This lake is fed very largely by springs, 
but no nitrogen determinations have been made for any of them. 
The water of a spring about half a kilometer away on Hicks lake 
showed an excess of about 18 per cent, of nitrogen and the spring 
water entering Otter lake doubtless contained a similar excess of ni- 
trogen. 

It will be noted that a typical summer curve shows a smaller 
amount of dissolved nitrogen and a fairly uniform distribution of 
it, above the thermocline; and a larger amount in the lower, cooler 
strata. There is a marked rise in the amount in the thermocline re- 
gion of some lakes and a more gradual rise in others; below this ra- 
gion, the amount gradually grows larger toward the bottom. (See 
figs. 9, 10, 11, 13, 15, 51, 85, 88, and 96.) 

During the autumnal circulation, the nitrogen will be found quite 
uniformly distributed from surface to bottom and as the water cools, 
more and more of this gas will be absorbed from the air. As a re- 
sult the lake goes into winter conditions with its water substantially 
saturated with nitrogen at all depths and containing practically the 
maximum amount for the year. 

Methane. Methane is one of the products resulting from the Blow 
decay of organic matter. It is frequently formed in the decomposi- 
tion which takes place at the bottom of ponds and marshes and for 
7 
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this reason it is often called marsh gaa. Generally a great deal of 
organic material decays in the lower water and at the bottom of lakes 
and frequently the conditions are favorable for the formation of 
methane. In several lakes the residue which remained after the 
removal of the carbon dioxid and oxygen was large enough to make 
it evident that this residue was composed of something besides nitro- 
gen. Accordingly tests were made for the purpose of determining 
whether any hydrocarbon gases were present and, when evidence of 
their presence was found, analyses were made to determine the kind 
and quantity present 

Samples were collected from 11 lakes in all, but the hermetically 
sealed glass tubes containing those from three lakes all met with mis- 
haps except one from each lake. As these three samples were not 
from bottom water and contained no methane, they need not be con- 
sidered further. The samples of gas for the determination of the 
methane were obtained by the usual boiling method ; the carbon dioxid 
and the oxygen, if any were present, were removed and a portion 
or all of the residue was then transferred to glass tubes of 50 to 60 
cc. capacity and these glass tubes were hermetically sealed at both 
ends. The process was carried thus far in the field and the samples 
were then taken to the laboratory for further analysis. Some of the 
analyses were made by Dr. Victor Lenher, but most of them were 
made by Mr. M. E. Diemer under the direction of Dr. Lenher and 
the results were embodied in a thesis submitted for the degree of 
bachelor of arts in 1908. 

Some preliminary experiments were made for the purpose of com- . 
paring the explosion and the slow combustion methods. Results 
obtained by these two methods checked pretty closely in most cases, 
the maximum difference not exceeding 0.2 cc which was well within 
the limit of experimental errors. By using known dilutions it was 
found that the slow combustion method gave much more satisfactory 
results with extremely dilute methane mixtures than the explosion 
method and equally as good results with more concentrated mixtures 
even up to nearly or quite pure methana So, the determinations 
were made by the former, or slow combustion method. 

Mr. Diemer found it necessary to modify the burner part of the 
combustion apparatus described by Hempel.' Two glass supporting 
tubes were passed through the rubber stopper of the pipette. Plati- 

i Gas Analysis. Hempel, Translation by Dennis, p. 138. 1907. 
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num wives somewhat "longer than the tubes passed through them. 
The outer ends of these tubes were fused so as to form a perfect 
seal around the platinum wires. As a further precaution against 
leakage tfee tubes were filled with mercury. The platinum terminals 
inside the burette were connected by a coil of small platinum wire 
which was welded to the two terminals. The external terminals of 
the platinum wires were connected with a Btorage battery and rheo- 
stat, so that the electric current eould be readily and quickly con- 
trolled. Mercury was used in the combustion pipette and in the 
burette in whieh the gas was measured. 

The gas was transferred to the combustion pipette and the current 
adjusted so that the coil was raised to a temperaure sufficient to give 
it a bright red color. Then a small amount of oxygen was introduced 
from another burette and the temperature of the spiral closely 
watched. Should the mixture be rich in methane or other hydro- 
carbon gases, the spiral begins to glow immediately and if too much 
oxygen be introduced (more than 10 cc) the temperature of the 
spiral may rise to the fusing point if the current is not properly de- 
creased by means of the rheostat. In order to prevent an explosion it 
is sometimes necessary to discontinue the current entirely. As soon 
as the methane is all burned, the glowing ceases and, if no glow is 
noted after the introduction of a fresh supply of oxygen, it may be 
assumed that" all of the hydrocarbon gas has been burned. When the 
combustible gas is present in very small amounts no glowing takes 
place and, in such cases, the gas mixture was exposed to the heated 
spiral for about 10 minutes. 

After combustion the gas was returned to the burette and the vol- 
ume noted. The total volume (that is, the volume of the original 
sample plus the volume of oxygen added) minus the volume of gas 
after combustion, represents the contraction resulting from the forma- 
tion of water. The gas in the burette is next passed into a pipette 
containing caustic potash, which removes the carbon dioxid, and the 
volume of this gas formed in the process of combustion is determined. 
The volume of oxygen consumed is next determined by passing the 
residual gas into a pipette containing a solution of alkaline pyrogallol. 
The amount of the contraction subtracted from the total amount of 
oxygen added, gives the amount of oxygen consumed. 

Thus three quantitative determinations are made, viz. : The con- 
traction resulting from the oxidation of the hydrogen in the gas to 
form water, the quantity of carbon dioxid formed in the oxidation of 
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the carbon of the gas, and lastly the amount of oxygen consumed. 
The latter serves ae a check on the results of the other two determi- 
nations. If methane alone is present, the contraction resulting from 
the formation of Water should be twice the volume of carbon dioxid 
formed, and the volume of oxygen consumed in the formation of both 
water and carbon dioxid should equal the contraction resulting from 
the formation of water. All of the results fulfilled these conditions, 
so it was concluded that methane was the only hydrocarbon gas pres- 
ent in the samples. 

Most of the gas samples were collected in 1906. Some were ob- 
tained from Mendota on seven different dates between March and 
September, ,1*906. The residual gaB obtained from a sample of botr 
torn water on March 29, 1906, a few days before the ice disappeared, 
was analyzed, but no methane was found. This result was unex- 
pected as the water contained no dissolved oxygen at that time and 
Buch a condition is favorable for the production of methane. 

May June July An. Sept. 
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Figure 6 shows the oxygen and methane conditions in the bottom 
water of lake Mendota during the summer of 1906. Samples taken 
on May 4 and 25 showed a fairly large amount of oxygen in the bot- 
tom water but no methane had yet appeared there. By June 11, the 
oxygen had decreased to 1.8 cc. per liter of water and a small amount 
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of methane waa found, 0.26 ce. per liter. Since methane is formed 
when vegetable matter decays in the absence of oxygen, this small 
amount most probably came from the muddy ooze at the bottom where 
the dissolved oxygen, had been exhausted. By July 9, free oxygen 
had entirely disappeared at the bottom and did not reappear here 
until the autumnal overturn. On July 17, it waa found that the meth- 
ane had increased to 1.2 cc. and the amount continued to increase as 
summer advanced until it reached a maximum of 6.1 cc. per liter of 
water on September 27. 

On June 27, 1906, the water of Garvin lake half a meter above the 
bottom contained no methane but it was found in the bottom ooze (7.8 
cc. per liter). Just a month later, however, the water half a meter 
above the bottom contained an abundance of it (10. 4 cc) and 60.8 
per cent of the residual gas obtained from the bottom ooze was meth- 
ane. By September 24, this percentage had increased to 65. 

The maximum amounts of methane have been found in the bottom 
waters of Beasley and Garvin lakes. These lakes are small and well 
protected from winds so that the vernal overturn may be more or less 
incomplete. As a result the bottom water does not receive a very large 
supply of dissolved oxygen in lie spring and this small stock is soon 
exhausted by the decay of the large amount of organic matter that is 
found on the bottom of these lakes. Decomposition then proceeds un- 
der anaerobic conditions, which are most favorable for the produc- 
tion of methane. These favorable conditions continue for a period 
of about 5 months and in Garvin lake so much methane and free 
carbon dioxid are generated during this time that, in late August 
and in September, many bubbles of these gases may be seen rising 
to the surface. On September 13, 1905, a sample of gas from the 
bottom water of Garvin lake contained 38.5 cc of methane per 
liter and one obtained from Beasley lake on August 21, 1906, con- 
tained 28.9 cc In its vertical distribution, the quantity of methane 
increases with increasing depth, the largest amount being found at the 
bottom where the greatest amount of decomposition takes place. 

Carbon Monoxid. While gasoinetric analyses were being made 
during the summers of 1905 and 1906, some tests were made to de- 
termine whether any carbon monoxid was held in solution in the 
water, especially in the bottom water of lakes where anaerobic decom- 
position was taking place. After the removal of the oxygen and car- 
bon dioxid, the residue was transferred to a pipette containing cup- 
rous chlorid for the removal of any carbon monoxid that might be 
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present. The contractions in volume obtained by this method were 
rather irregular and some of them seemed unusually large. This led 
to the conclusion that the results obtained by this method were not 
very reliable. 

Tests were made later by another method, that is, the iodometric 
method as described by Kinnicut and Sanborn 1 . For these analyses, 
some water from Mendota at depths of ,15 m., 18 m., and 22.5 m., the 
bottom, was obtained on September 14, 1908. For each analysis about 
12 liters of water were boiled and the gas given off was collected and 
tested for carbon monoxid. It was found at each of the depths 
from which samples were obtained, but it was present in very minute 
.quantities, the amount being 0.002 cc per liter of water in two de- 
terminations and 0.004 cc. in the third. These results showed much 
smaller amounts than had been anticipated, as the cuprous ohlorid 
method in some cases, gave results as high as 0.2 to 0.3 cc per liter of 
water. Since the gas is present in such small quantities, it has very 
little, if any significance from a biological standpoint 

Hydrogen. Many tests have been made for hydrogen but it was 
not found in any of the residual gases examined. The palladium 
method, however, was used, and this method is not delicate enough to 
detect very small amounts of this gas. It seems probable that some 
hydrogen-may be liberated in the process of anaerobic decomposition, 
but if such is the ease, it is in such minute quantities that it cannot 
be detected by the palladium method. With a method for hydrogen 
as delicate as the iodometric one for carbon monoxid, its presence in 
the lower water could doubtless be demonstrated. 

Hydrogen Svlphid. "An odor like that of sulphuretted hydrogen 
must not be taken as proof positive of the presence of that gas in a 
water, inasmuch as mixtures of sundry hydrocarbons will often greatly 
mislead the sense of smell." 1 Tests for hydrogen sulphid on several 
lakes where the water had such an odor gave abundant confirmation of 
tie truth of this statement. An odor resembling that of sulphuretted 
hydrogen is very generally found in bottom water which possesses no 
dissolved oxygen, yet chemical testa did not indicate the presence of 
this gas in many instances, especially if anaerobic decomposition had 
been going on for only a comparatively short time. In late summer, 
however, in lakes where anaerobic decomposition has been in progress 
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for some weeks in the lower water, more or less hydrogen sulphid may 
be found in this region. During the summer of 1908, the lower 
water of a number of lakes was tested for hydrogen sulphid by the 
iodometric method.* While these teats indicated the presence of this 
gas in the majority of the waters tested, yet it appeared only in very 
small amounts. 

The presence of so much decomposing organic matter in the lower 
water raised a query as to the reliability of this method for such 
waters. In order to answer this question some determinations were 
made in duplicate, using both the iodometric and a colorimetric method. 
While the latter indicated the presence of hydrogen sulphid in all 
waters when it was so indicated by the iodometric method, yet the col- 
orimetric gave results uniformly lower, showing only 14 to 33 per 
cent, as much as the iodometric. This led to the suggestion that some 
organic compounds of sulphur may be present which affect the iodo- 
metric determinations but not the colorimetric and thus give results 
Bomewhat higher than they should be. A single set of observations 
will serve to illustrate the differences in results obtained by the two 
methods. The amount of hydrogen sulphid is indicated in cubic 
centimeters per liter of water. 
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It may be said that these results furnish conclusive evidence of the 
formation of hydrogen sulphid in the lower water under the condi- 
tions indicated above, but they show that only very small amounts of 
it are formed. It was found only in water which contained very little 
or no dissolved oxygen. 



i Volumetric Analysis, Sutton, p. 8S6, 1907. 
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CHAPTER VI. 



MINERAL AND SANITARY ANALYSES 

In addition to the determination of dissolved gases, some mineral 
and sanitary analyses were made for the purpose of ascertaining the 
kinds and the amounts of other substances dissolved in the lake waters. 
It was not practicable to carry on such complete analyses extensively 
along with the dissolved gas determinations, so it was thought best 
to select a few lakes representing the various types and confine such 
work to them. Thus, this phase of the investigation has been of an 
explorative nature, and the chief aim has been to determine, if pos- 
sible, whether it would be desirable to carry on such studies later on 
a larger scale. It may be said in passing that such analyses may aid 
materially in explaining some of the biological phenomena that have 
been observed, such for instance as the characteristic differences be- 
tween the fauna and flora of different lakes as well as the differences 
which are found in the same lakes at different seasons of the year, 
or from year to year. 

The water used for the mineral analyses was not filtered, since for 
biological reasons it was desirable to know the total amounts of the var- 
ious substances, not only that which was dissolved in the water but also 
that contained in the micro-organisms ; with the exception of the silica, 
however, it has been found that it makes very little difference whether 
the water iB filtered or not. An analysis was made for the purpose of 
determining the effect of filtering the water and the results obtained 
are shown in an accompanying table. One liter was used in each case 
and both samples were taken from the same bottle after the water was 
thoroughly shaken. The difference in the silica was due to the pres- 
ence of a considerable number of diatoms, which were removed, of 
course, from the water which was filtered. It seems fairer, however, 
to use unfiltered water for the analyses, because this diatom silica rep- 
resents that which waB previously dissolved in the water. 
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The results given in the following table are stated in parts per mil- 
lion. I 

TABI.B XI Mendota, April, 1910. 





SiO,. 


F«,0, &. Al.O,. 


Ga. 


Mg. 




2.25 

3.5 


1.5 
1.4 


28.8 
28.7 













In the hard water lakes, one liter of water was used for the deter- 
mination of the SiG 2 , Fe, Ca, and Mg, but in the soft water lakes two 
liters or more were used for this purpose. The results of these anal- 
yses are given in a table in the appendix and the amounts are stated 
in parts per million. (See p. 170.) 

Like the dissolved gases, these other substances which are in solu- 
tion in the lake waters become uniformly distributed from surface to 
bottom during the autumnal period of circulation and in spring also in 
lakes which have a complete vernal overturn and circulation. But 
these periods of uniform distribution are followed by more or less 
marked changes in the amount of some of these substances in the differ- 
ent strata of the lake. This is true especially of the summer season. 
Chemical, physical, and biological factors are involved in the produc- 
tion of these changes and these will be considered in connection with 
the discussion of the various substances as presented below. 

Silica. There appears to be a slight decrease in the amount of 
silica in the upper water during the summer, doubtless resulting 
chiefly from the activities of the diatoms. Diatoms are found most 
abundantly, of course, in the upper water and they remove some of 
the silica which is dissolved in this water in making their siliceous 
shells. When the diatoms die, these shells sink to the bottom, thus 
causing a net loss of silica in the upper water. There ia a more or 
less marked increase in the lower water during the summer. Some 
of the organic compounds formed in the process of decay, have a 
solvent action on silica and it seems probable that the silica contained 
in sinking diatom shells and in those that are present in the bottom 
ooze, will be attacked by such substances in the lower water where 
decay goes on more or less vigorously, and a certain amount will be 
dissolved. In this way the silica content cf the lower water will be 
augmented and as a result of the slight decrease in the upper water 
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and the more marked increase in the lower water of some lakes, four 
to five times as much silica may be found in the bottom stratum as in 
the surface water just before the autumnal overturn. Raben* found 
a periodicity in the silica, content of the waters of the Baltic sea. It 
was high in November and February and low in May. He attributes 
the May minimum to a large growth of diatoms in March or April 
which removed much silica from the upper water. 

The curve representing the silica in Beasley lake on August 
3, 1908, shows a pronounced notch correlated with high oxygen and 
low carbonates. (See fig. 7.) 'An examination of the plankton 
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Pig. T.— Beaaley lake, August ; 

and = calahmi. The vertle 

and the horizontal ipacee, parts per n 

diagram (fig. 138) for this date reveals the fact that the maximum 
number of diatoms is correlated in depth with this notch in the silica 
carve. The colonies of Fragilaria- and Asterioefella, the predominant 
diatoms, number 17,500 per liter of water at 4 m. ; 28,000 at 5 m. ; 
22,500 at 6 m.; and 9,800 at 7 m. Multiplying the number of col- 
onies at 5 m., where the maximum number was found, by the average 
number in each colony of Fragilaria and Aaterionella, gives a total 
of 2,168,000 individuals per liter of water. At first thought it might 
appear that the presence of this large number of diatoms in the sample 
of water which was analyzed, ought to show a larger amount of silica 
than at other depths where these organisms were not nearly so abund- 
ant. But this contradiction is only apparent. The most probable 
explanation of the decrease is that this large growth of diatoms had 
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been in progress in this 4-7 m. stratum for a considerable period of 
time and during thiB period large numbers of diatoms Were dying con- 
stantly, and sinking into the lower strata, thus carrying down the 
silica in their siliceous shells. Such a process would in time cause an 
appreciable decrease of silica in the stratum which was densely popu- 
lated with these organisms. 

Iron and Alumina. Fe,O a and AljO a - In the gravimetric analyses, 
no attempt was made to separate the iron and alumina and they have 
been recorded together in the tables. These results show that there 
was a noticeable increase in the amount of these two substances with in- 
creasing depth in lakes whose bottom water contained no dissolved oxy- 
gen. Determinations by a colorimetric method show that this increase 
is due chiefly, if not wholly, to the increase of the iron. If any in- 
soluble oxide of iron be present in the bottom ooze, it may be re- 
duced to a lower soluble oxide in the absence of dissolved oxygen and 
pass into solution, thus. increasing the quantity of iron held in solution 
by the bottom water. Bottom waters which contain a considerable 
amount of iron soon become cloudy when exposed to the air, as the 
water absorbs oxygen and the iron is changed to a higher oxide which 
is precipitated. At the time of the vernal and autumnal overturns, 
the bottom water is aerated and the ferrous iron in solution is oxidized 
to ferric which forms a precipitate and sinks to the bottom, only to 
be reduced again and pass into solution when the dissolved oxygen dis- 
appears from the bottom water. In no instance, however, has a very 
large amount of iron been found in the lower water as the maximum 
quantity of Fe a O t has not exceeded 12 parts per million. 

Calcium and Magnesium. It will be noted in the table that the 
different lakes contain very different amounts of calcium and mag- 
nesium as has been indicated in the discussion of the fixed carbon 
dioxid. The soft water lakes contain only a small amount of these 
substances in solution, while the lakes of the second class contain a 
medium and those of the third a relatively large amount. The 
amount of calcium varied from a minimum of 0.64 part per million 
in Baas lake at Minocqua to a maximum of 49.3 parts in the bottom 
water of the west part of North lake, with an average of 47 parts for 
the entire depth of that lake. In the same lakes the quantity of mag- 
nesium was 1.2 parts per million in the former and about 27 parts in 
the latter. (See table p. 170.) 

In the lakes containing comparatively small amounts of calcium 
and magnesium, these substances were, in general, pretty uniformly 
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distributed from surface to bottom. When a larger amount of cal- 
cium was present, as in some of the lakes of the second class and all 
of the bardwater ones, there was an increase in the amount of calcium 
with increasing depth, except during the vernal and autumnal periods 
of circulation. The amount of increase varied greatly. The maxi- 
mum difference between the calcium content of the surface and 
bottom waters waB found in Rainbow lake on September 10, 1907. 
The former contained 15.6 parts per million and the latter 28.8 or 
about 85 per cent, more than the surface. Generally, however, the 
difference between surface and bottom did not exceed 20 to 25 per 
cent Magnesium showed considerable irregularity in its distribu- 
tion. In some lakes there was a more or less marked increase with 
increasing depth ; while in others a smaller amount of magnesium was 
found at the bottom than at the Burface. 

These differences in calcium and magnesium between surface and 
bottom are produced chiefly in two, or perhaps three ways: — (X 1 ) 
Through the action of the carbonated lower water on the bottom mud ; 
(2) by the removal of these substances from the upper water by 
plankton organisms and by the transfer of such amounts to the lower 
water when these organisms die and sink; and also (3) any calcium 
or magnesium which might be precipitated in the upper water would 
sink into the lower. With respect to the first factor, it may be said 
that an analysis of some mud from the bottom of lake Mendota gave 
the following results which are stated in percentages of the weight 
of the dry sample: Calcium, 23.7; Magnesium, 1.3. The difference 
in the solubility of the normal carbonates of calcium and magnesium 
is undoubtedly one of the important factors responsible for the marked 
difference in the proportion of these two substances in the bottom 
mud. Magnesium is bo much more soluble than calcium that it would 
not be deposited so readily. The presence of such a small proportion 
of magnesium in the bottom mud helpa to explain why the carbonated 
bottom water contained comparatively little, if any, more magnesium 
than the surface water. In a few instances it actually contained lees. 
But marked increases of calcium were noted in the bottom water in 
several instances. 

Chemical analyses show that plankton contains appreciable quanti- 
ties of these two substances which would be carried into the lower 
water when these organisms die and sink but the amounts are so 
minute that the plankton can be regarded only as an unimportant fac- 
tor in the transfer of calcium and magnesium from the upper to the 
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lower water. The lower water is charged with free carbon dioxid in 
Bummer and any precipitate of calcium or magnesium which might 
sink into this water from above would be readily dissolved. 

The production of irregularities in the distribution of calcium and 
magnesium in Beasley, Knights and Otter lakes by cblorophyl-bearing 
organisms, has already been discussed in connection with the fixed 
carbon dioxid of those lakes and needs no further consideration hero. 
Figure 7 shows the distribution of these substances in Beasley lake on 
August 3, 1908. (See p. 106.) 

The chemical analyses also show that the ratio of calcium to 
magnesium varies very much in the different lakes. In some these 
two substances were found in almost equal amounts in the surface 
waters, while in others there were two to three times as much calcium 
as magnesium, and in still others, nearly twice as much magnesium 
as calcium. These differences in relative proportions are doubtless 
due to differences in the proportions of these two substances in the 
drift and rock of the drainage basins of the different lakes. It is also 
interesting to note that the lakes which have the smallest amount of 
calcium and magnesium and, therefore have the softest water, possess 
no inlets and with one exception (Bass lake, Hinocqua) no outlets 
It would seem that the scarcity of calcium and magnesium in the 
waters of such lakes depends chiefly upon about three factors: (1) 
The scarcity of these substances in the surrounding drift and rock; 
(2) the small amount of ground water entering the lake; (3) a small 
drainage basin so that the water reaches the lake quickly and there- 
fore has little opportunity to dissolve calcareous materials on its way 
to the lake. 

Sodium. Sodium was found in 3mall amounts. A maximum of 
4.6 parts per million was found in the bottom water of lake Mendota 
in one set of analyses. More than 4 parts per million were noted 
in only three other instances. The general average was about 2 
parts. 

Potassium. The amount of potassium dissolved in these waters 
was Btill less than the sodium. It reached a maximum of 4.5 parts 
in one lake but this was the only instance which showed more than 4 
parts, the average being lees than 2 parts. 

Chlorin. Small quantities of chlorides are very general constitu- 
ents of ordinary soils, hence they will be found in small amounts in 
the drainage waters which enter the lakes. The amount of chlorin 
found in the waters of the various lakes that have been studied varies 
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considerably, bat most that have been tested show leas than 5 pans 
per million. A maximum of 10 parts was found in the east part of 
North lake on September 4, 1907. In general the chlorin was pretty 
evenly distributed from surface to bottom. In a few instances, how- 
ever, only about half as much chlorin was found at the bottom as at 
the surface. This condition may have been due to an increase in the 
chlorides in the upper water after the bottom water had ceased to take 
part in the vernal circulation. 

Sulphur. The various lakes, also, show wide differences in the 
quantity of S0 t - The waters of two lakes contained no trace of sul- 
phates so that the SO* varied from none in these instances to a maxi- 
mum of 28.7 parts per million in the west part of North lake. The 
sulphates were highest in the lakes which contained the largest amounts 
of calcium and magnesium, 

Weith 1 has asserted that the waters of the Swiss lakes have a con- 
stant composition and Forel 1 has made, a similar statement for the 
water of lake Geneva. On the other hand, Delebecque 1 found that the 
composition of the waters of the French lakes varies not ouly with the 
season but also with the depth. For instance he found a chemical 
stratification of the water which was parallel with the thermal strati- 
fication during the summer, but chemical conditions became uniform 
from surface to bottom in autumn. These variations are attributed 
to eeveraj factors by this author, water brought in by affluents, as well 
as physical, chemical, and biological factors. Delebecque observed 
that, when the quantity of CaCOa exceeds 0.05 to 0.06 gr. per liter 
(20 to 24 parts of Ca per million) the surface water in summer 
contains less than the bottom. This fact he attributes to two factors, 
the rise in the temperature of the upper water, which would tend to 
precipitate the CaCOs, and the removal of a portion of this substance 
by living organisms. He found also that silica was removed from the 
upper water during summer by the diatoms. The results obtained ou 
Wisconsin lakes fully confirm Delebecque's observations and they show 
t ha t the water of a lake may not only present marked seasonal changes 
in composition but that there are also variations from year to year. 

i Internationale Fischers! Auas tell ung zu Berlin, 1880, p. 96, et saQ. (See 
Delebecque — Les Lacs Francalu, p. 211.) 
s L© Leman, T. II, p. B88. 1895. 
* Les Lacs Francais, p. 187-241. 1898. 
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It has already been pointed out that more or less decomposable or- 
ganic matter is found in the water of the lakes and that such material 
is derived from the plankton, from the larger aquatic plant and ani- 
mal forma, and, also, to a certain extent from the shore forms. The 
effect of the decomposition of this material on the oxygen dissolved 
in the water has also been discussed. But this decomposing matter 
plays another very important rola When thiB organic material breaks 
down, the first step in the process is the oxidation of the carbon, hydro- 
gen, and nitrogen therein to carbon dioxid, water, and ammonia. If 
liberated in a region where photosynthesis takes place, this carbon 
dioxid contributes to the stock of this gas which may be drawn upon 
by chlorophyl-bearing organisms. ' The free ammonia may be used up 
directly by the algae, or it may undergo further oxidation, being eon- 
verted first into nitrous acid, forming nitrites and ultimately into 
nitric acid forming nitrates. These nitrites and nitrates constitute a 
very important source of food for aquatic plants. This supply of 
nitrogen compounds is increased by that derived from other sources. 
Rainwater, for example, obtains ammonia from the air and the water 
which ainks into the soil comes into contact with and dissolves some 
of the nitrogen salts, which are then carried along with it and eventu- 
ally reach the lake. 

Plants require nitrogen in an available form for their anabolic 
processes and the free floating aquatic forma must obtain their supply 
of this substance from the nitrogen compounds dissolved in the water. 
Therefore, the scarcity or abundance of available nitrogen in the 
water of a lake is doubtless a very important factor in determining 
the scarcity or abundance of the phytoplankton in such lake, just as 
the available nitrogen in a soil boars a very close relation to the size 
of the crop which will grow thereon. This then may be one of the 
very important factors which are responsible for the characteristic 
differences in the phytoplankton content of different lakes. As yet, 
however, no studies of this nature have been taken up on lakes which 
show striking differences in phytoplankton. 

Only a few analyses of this character have yet been made and the 
results of them are shown in an appended table. The determinations 
for Garvin lake show a marked increase in the free and albuminoid 
ammonia and nitrates with increasing depth. The same waa also true 
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of Mendota on September 25, 1905. In the latter lake, however, the 
albuminoid ammonia was found to be greater at the surface and bot- 
tom than in the mid-region. Fonr analyses of surface and bottom 
water were made for late Mendota between June 30 and July 8, 1905. 
The results indicate larger amounts of free ammonia, nitrites, and 
nitrates at the bottom than at the surface. This might naturally he 
expected, perhaps, because most of the decomposition took place in 
the lower water. Nitrites were found only in the deeper water and 
then only in very small amounts. In three of the four analyses there 
was more albuminoid ammonia at the surface than at the bottom. 
This may he accounted for by the large amount of plankton found in 
the upper water at this time, because a larger amount of plankton 
would yield a larger amount of albuminoid ammonia. 

The results given in the following tables are stated in parts per 
million. 

Tabi,» XII.- Lake, Garvin, October 10, 1906. 



Depth. 


Free 

ammonia. 


Albuminoid 


Nitrites. 


Nitrates. 





0.14 
0.24 
0.27 
1.03 
1.76 
3.04 
8.11 


0.25 
0.86 
0.50 
0.64 
0.68 
0.81 
1.20 

















































Taslb XIII Lake Mmdota. 



Date. 


Depth. 


Free 
ammonia. 


Albuminoid 
ammonia. 


Nitrites. 


Nitrates. 




m 
22 


28 


12 


23 


14 
15 
18 
22 


0.12 
0.6 
0.15 
0.33 
0.11 
0.45 
0.10 
0.29 
0.175 
0.410 
0.030 
1.135 
1.355 
10.675 


0.37 

0.4 

0.41 

0.36 

0.44 

0.22 

0.44 

0.39 

0.365 

0.300 

0.275 

0.275 

0.447 

0.720 


0.0 
tr. 
0.0 
tr. 
0.0 
0.1 
0.0 
0.05 






0.5 




0.8 




0.7 


September 25, 1006 
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CHAPTER VII. 



DISTRIBUTION OF THE PLANKTON AND ITS RELATION TO CHEMICAL 
CONDITIONS. 

One may safely say that the most important element in the environ- 
ment of strictly aquatic, free floating or free swimming organisms, is 
the water which they inhabit. This factor of their environment is 
not the same for all bodies of water, since the various waters possess 
very different chemical characteristics, as has already bean indicated. 
In fact, this is quite true of the same body of water at different 
periods, for each passes through a series of chemical changes during 
the different seasons of the year. Given then, such variations in this 
important element of the environment, it may be well to consider 
some of the causes and results of these variations from a biological 
standpoint. It may be well to state here that the following discussion 
of this question is only a partial one, as it is confined almost entirely 
to the dissolved gases. Other factors are involved also, but, up to 
the present time, it has not been possible to collect enough data to per- 
mit a more extended consideration of them. 

The relations between chemical and biological conditions in lakes 
present two chief phases which are closely allied and interwoven, but 
which it may be well to separate for purposes of discussion. The first 
of these phases is the effect of living organisms on the chemical condi- 
tion of the water and the second is the consequent effect of the chemi- 
cal status of the water on the living organisms inhabiting it. Since 
the first phase has been more or less fully presented in previous chap- 
ters, it is not necessary here to give any extended discussion of this 
question. Attention has been called to the fact that the living organ- 
isms of a lake as well as of the immediate environs, contribute decom- 
posable matter to the water and that the decomposition of these or- 
ganic substances affecto the chemical conditions in a marked degree, es- 
pecially with respect to Borne of the dissolved gases in the lower water 
of lakes that are thermally stratified. Some or all of the dissolved 
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oxygen in the lower stratum is used up in the process of decay and' 
carbon dioxid and ammonia are formed. The latter is then oxidized 
to nitrous and nitric acids in the presence of free oxygen, which com- 
bines with other substances to form nitrites and nitrates. Frequently, 
also, methane is formed and in some instances hydrogen sulphid and 
carbon monoxid. In the process of respiration of both animal and 
plant forms, dissolved oxygen is removed from the water and carbon 
dioxid is contributed to it. The various excretions of living organ- 
isms, also, tend to alter chemical conditions. 

On the other hand, chloropbyl-bearing organisms remove free or 
half-bound carbon dioxid from the water in their photosynthetic activi- 
ties and liberate oxygen. The atmospheric tension of the former gas 
is so slight and its rate of diffusion is so low that it does not pass 
into the water readily from the air and it diffuses upward very slowly 
from the lower water which may contain an abundant supply of this 
gas in a free state. Consequently, it frequently happens that not 
enough free carbon dioxid passes into the stratum in which the chlorO- 
phyl-bearing organisms are most active, to supply the needs of any con- 
siderable number of them and as a result the free carbon dioxid may 
be largely or entirely exhausted from a stratum of water which varies 
in thickness in different lakes. The consumption of carbon dioxid 
may proceed beyond the point of neutrality or complete exhaustion of 
the free gas and some of the half-bound is often removed, thus making 
the water more or less strongly alkaline. It has been found that in 
lakes which have either a hard or a moderately hard water, the upper 
stratum very generally becomes alkaline in early spring and continues 
so until the autumnal overturn. Indeed, it has been noted that more 
or less of the upper water in lake Mendota may remain either neutral 
or alkaline throughout practically the entire year. In the hard-water 
lakes the alkalinity may reach a point where some of the normal cal- 
cium carbonate will be precipitated, thus forming a layer in which the 
combined carbon dioxid will show a pronounced decrease. (See figs. 
46, 55, 56, 58, 61.) Alkaline strata have also been found in lakes 
which have very soft water. (See figs. 65 to 67.) 

At the same time that carbon dioxid is being used up, an equal 
volume of oxygen is being liberated. Where conditions are favorable 
for tbo accumulation of this oxygen, the water will be found super- 
saturated with it, the amount of supersaturation reaching 364.5 per 
cent in Knights lake. As yet, however, it has not been possible to 
trace any direct correlations between the amount of carbon dioxid con- 
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sumed and the quantity of oxygen liberated. And it may be said fur- 
ther, that only in a very general way has it been possible to trace any 
quantitative relation between chlorophyl-bearing organisms and either 
alkalinity or high oxygen. 

Turning now to the second phase of the subject, which is the re- 
lation of chemical to biological conditions, the effect of the former on 
the animal forms will be considered first and on the plant forms 
later. Those lakes which are so shallow that the entire body of water 
is kept in circulation by the wind during the summer, may be disre- 
garded. The deeper lakes, those which show a thermal stratification 
in summer, may be divided into three classes. To the first class be- 
long those lakes which have an abundance of free oxygen in all of the 
water below the thermocline during the summer, such for example as 
Green lake. The second class includes those lakes in which the free 
oxygen entirely disappears from a portion of the cool water below the 
thermocline during the summer; and the third class includes those 
lakes in which practically all of the water below the thermocline is de- 
void of free oxygen in late summer. 

During the vernal overturn and circulation the plankton organisms 
are distributed almost or quite uniformly from surface to bottom in 
all three classes of lakes, with the exception of those in which these 
processes are not complete. As soon, however, as the bottom water be- 
gins to lag behind in the process of circulation, a differentiation in the 
vertical distribution of these organisms sets in. The phytoplankton 
forms are the first to show a marked change. In the deeper lakes, of 
course, the light conditions in the bottom water are not favorable and 
soon after this water ceases to take part in the general circulation, its 
phytoplankton population begins to decrease. At the same time the 
conditions in the upper stratum are becoming more favorable as a re- 
sult of the increase in the temperature of the water and the phytoplank- 
ton population of this region increases. The net result of these condi- 
tions, then, is a marked change in the distribution of these organisms, 
the lower stratum being scantily populated by them while the great 
majority occupy the upper strata. The animal forms however, which 
are not influenced so markedly by light conditions may still continue 
to be fairly uniformly distributed from surface to bottom. But as 
summer advances the vertical distribution of the animal forms (that 
is, those which do not bear chlorophyl and are not therefore, dependent 
in any Way on light) becomes different in the three classes of lakes 
mentioned above. 
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Concerning the diagrams discussed below, it may be said that the 
catches were made by the pump method as already indicated and that 
the number of individuals was determined by the regular counting 
method. The circles indicate the depths at which catches were made 
as well as the number of organisms per liter at these depths and the 
curves have been made by simply connecting these points. The phyto- 
planktonts far outnumber the zooplanktonts, so it is not possible to 
plot curves for both groups of organisms on the same scale. In order 
to obviate this difficulty, the curves for the latter have been platted on 
a separate scale to the left of a zero line and the diatoms and other 
algae to the right. This enables one to readily make direct compari- 
sons between the two groups of organisms at the various depths. It 
will be noted also that the scale for the zooplanktonts as well as that 
for the phytoplanktonts varies in the different diagrams, owing to the 
fact that the numbers vary a great deal in the different lakes. 

Attention may be called to the fact that a few of the curves show 
that some of the organisms were rather irregularly distributed vertic- 
ally, such for instance as the diatoms in figs. 137 and 141. Such re- 
sults, however, should be expected, for only during the vernal and 
autumnal periods of circulation would there be any marked tendency 
toward a uniform distribution. During the summer period of thermal 
stratification and also during the winter when a lake is covered with 
ice, there seems to he ample evidence to show that the phytoplanktonts 
may collect in different strata as well as the zooplanktonts. At flrBt 
glance, it might be supposed that some of the marked irregularities 
were due to errors in taking the samples or in counting the material. 
But a comparison of such curves with those representing other or- 
ganisms in the same catch gives abundant testimony against such a 
supposition. If such variations had been due to faulty methods, 
similar variations ought to appear in all the curves, but such is not 
the case. On the other hand, attention may be called to the remark- 
able regularity of most of the curves. 

Pine (New Auburn) and Trout lakes may be taken as good ex- 
amples of lakes belonging to the first class. Figures 116 and 117 1 
show that the plankton organisms in these two lakes were fairly uni- 
formly distributed throughout their entire depths. In Pine lake, 
Tahellaria was the chief diatom in the upper water but the marked 
e below 15 m. was due to Asterionella which would seem to in- 
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dicate that this form was on the decline after a period of maximum 
development The remaining phytoplankton consisted chiefly of 
Staurasbrum and Apkanocapsa. Down to a depth of 25 m. Diaptomus 
was the predominant crustacean, but Daphne hyalina was alone re- 
sponsible for the marked increase below that depth. It will be noted 
also that the nauplii were more abundant in the lower water while 
Diaptomus and Cyclops were practically as abundant here as else- 
where, so that on the whole, the chemical condition of the bottom water 
may be regarded as very favorable for the crustacea. 

In Trout lake the crustacea were still more uniformly distributed 
but nauplii were not found below 18 m. and rotifers were not 30 
abundant in the lower water. On September 9, 1906 the bottom of 
this lake contained only about 0.9 cc. of dissolved oxygen per liter and 
5.6 cc of free carbon dioxid. In addition to the considerable number 
of crustacea found in the bottom water, several specimens of the Macki- 
naw trout (Cristivomer namaycush) were obtained from this stratum, 
thus showing that the chemical conditions which existed there not only 
did not affect the vertical distribution of the crustacea, but that they 
were such as to permit fish to occupy this region. Green lake also be- 
longs to this group but figures 118 and 119 show that the region above 
the thermocline was much more densely populated than the region be- 
low. It will be noted, however, that, while the microcrustacea ap- 
peared in only very small numbers below the thermocline, yet they 
were found near the bottom in the deepest water. Likewise specimens 
of whitefish were obtained from the bottom water at a depth of 68 m. 
This would seem to indicate that the chemical condition of the bottom 
water can not be regarded as responsible for the paucity of the crusta- 
cean population in this region. As a further evidence of the favor- 
able conditions here for crustacea, it may be said that Pontoporeia. 
hoyi is a regular inhabitant of the bottom water. 

Elkhart and Geneva lakes may be taken as examples of the second 
class, that is, lakes in which only a comparatively small portion of the 
lower water becomes devoid of free oxygen during the summer. As 
long as the bottom water in lakes belonging to this class, contains 0.2 
cc. of dissolved oxygen per liter or more, the vertical distribution of 
the rotifers and microcrustacea does not differ essentially from that 
found in lakes belonging to the first class. As soon, however, as the 
free oxygen in a bottom stratum falls below 0.1 cc. these plankton ts 
withdraw from the region having such a small amount c-f this gas. 
As this stratum which is almost or quite devoid of free oxygen in- 
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creases in thickness with the advancing season, these organisms gradu- 
ally move upward into water which possesses a sufficient amount of 
dissloved oxygen to supply their needs or else die off. 

Fig. 120 shows the vertical distribution of plankton organisms in 
Elkhart lake on July 3, 1906. With the exception of algae (almost 
exclusively Oscillatoria), it will be noted that the organisms were 
fairly uniformly distributed from surface to bottom. The diatoms 
consisted almost exclusively of Synedra and were mOBt abundant in 
the upper water. Diapiomua was the predominant crustacean in the 
upper 7 m. and Cyclops thence to the bottom. Bosmvna has been 
omitted from the bottom observation because such a large number 
(828 per liter of water) was present that it could not be shown in the 
diagram. This is the only case where Bosmvna was found in great 
numbers. <On the other hand, fig. 121 shows that the vast majority 
of the organisms were found in the 10-20 m. stratum on October 2, 
the total number in the upper 10 m. being small and almost none below 
20 m. Synedra was Btill the chief diatom and Oscillatoria the chief 
alga. The marked increase in the number of rotifers in the 10-15 m. 
atratum was caused chiefly by an increase in Anuraea cochlearis. 
Cyclops was the predominant crustacean. 

Fig. 122 indicates the vertical distribution in lake Geneva on Sep- 
tember 25, 1906. It will be noted that the upper 16 m. were popu- 
lated most densely by algae, but there was also a relatively large num- 
ber below this depth. Only a few Crustacea and rotifers were found 
below 35 m. and none at all in the bottom 2 m. in which only a trace 
of oxygen was found. Nauplii were absent below a depth of 32.5 m. 
The third class of lakes may be regarded as a more advanced stage 
of the second class. That is, in these lakes the conditions are such 
that practically all of the water below the thermocline loses its stock 
of dissolved oxygen during the summer. Figures 123 to 137 show 
the results of a few aeries of plankton catches on lake Mendota in 
pQ06 and 1907. It is the purpose of these few diagrams to give 
only a general idea of the vertical distribution of the plankton organ- 
isms and not any notion of their quantitative seasonal distribution. 
It is hoped that a special report on seasonal distribution may be made 
in the future which will include all of the material that has been col- 
' lected during the progress of this work. These diagrams show that 
the organisms were fairly uniform in distribution from surface to 
bottom during the vernal circulation as shown in figures 123 and 132. 
As the season advances, the lower water ceases to take part in the cir- 
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dilation and thermal stratification appears. Under such conditions, the 
phytoplankton population becomes confined chiefly to the upper strata 
where light conditions are more favorable, only senile forms and those 
which habitually live saprophytically being found in the deeper water. 
The decrease of the phytoplankton in the lower water is shown in fig- 
ures 125 to 128. Attention may be called to the fact here, that these 
diagrams show the seasonal changes in the relative proportions of the 
diatoms and all the other algae. That is, they show that the diatoms 
exceeded in number the green and blue-green algae combined, up to 
early July and after early September in 1906, the latter predominating 
during the latter half of July and during August. Conditions were 
slightly different in the spring of 1907, for green and blue-green algae 
predominated for a short time in May ; otherwise the conditions were 
substantially the same as in 1906. 

The zooplanktonts are very evenly distributed from surface to bot- 
tom in spring. (Fig. 133.) In early summer, however, they may 
become more numerous in the upper water, yet they will continue to 
occupy the lower strata in considerable numbers until the quantity 
of dissolved oxygen becomes too small for them, that is less than 0.2 
, cc. per liter of water. When the dissolved oxygen falh below this 
amount in the bottom stratum, there is a marked decrease in the num- 
ber of rotifers and plankton Crustacea in that region. This decrease 
is due in part to the migration of the more active individuals to the 
water above which contains more oxygen, and in part to the death 
of senile individuals that are no longer active enough to migrate to the 
Water above and maintain themselves there. As more and more of 
the lower water becomes almost or quite devoid of free oxygen, the 
stratum which is occupied by only a very few or none of these organ- 
isms increases in thickness. In lake Mendota, for example, the thick- 
ness of this zone increases until practically no crustacea or rotifers are 
found below 10 m. or 11 m. in late summer. (See figs. 127 and 128.) 
The disappearance from the lower water is shown in figures 1 25 to 128 
and 134 to 137. It will be noted that the line of demarcation between 
the inhabited and the uninhabited strata is very sharp and distinct. 
The water which is at the lower limit of habitability, that is, when it 
contains just enough dissolved oxygen for the rotifers and miero- 
crustacea, may contain very large numbers of them, while they are 
nearly or quite absent from the water half a meter below. Frequently 
a much larger number of these organisms is found in the water just 
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above the uninhabited region than at any other depth. (See figs. 127 
to 129.) 

In September and early October, owing to the cooling of the upper 
water and the more vigorous action of the winds, the tbermocline 
moves downward, thus adding more and more of the lower water to 
the upper circulating stratum. Plankton organisms follow in the 
wake of this downward movement of the thermocline so that they be- 
come fairly uniformly distributed to greater and greater depths until 
the completion of the autumnal overturn, when they again occupy the 
entire depth of the lake. The distribution just before and just after 
the autumnal overturn is well illustrated in the diagrams for October 
C and 11, 1906. (Figs. 130-1.) 

It may be said at this point that some preliminary experiments 
have shown that the various gases which are found in the bottom 
waters - of lakes, have no noticeable effects on the plankton crustacea 
even when present in larger amounts than have yet been found in lake 
waters. So it seems evident that the disappearance of the microcrusta- 
cea from the water which possesses only a very small amount of dis- 
solved oxygen or none at all, is due to the lack of this gas rather 
than to the deleterious effects of other gases that may be present. 

In Beasley it has been found that tbe vernal overturn may not be 
complete and chemical conditions much like those of late winter may 
continue in the bottom water into summer. During the vernal circu- 
lation in 1909, for instance, the dissolved oxygen did not rise above 
0.4 cc. per liter in the bottom water and this amount had been reduced 
to nil by June. Under these conditions, of course, the plankton or- 
ganisms did not become uniformly distributed from surface to bot- 
tom and the rotifers and crustacea which invaded this bottom stratum 
when it contained a sufficient supply of oxygen for them, withdrew 
from it in the early summer. A bright green StentoT, however, ap- 
parently Stentor igneus Ehrbg. continued to occupy the stratum 
which had very little or no free oxygen during the entire summer in 
1909. About 200 individuals per liter were found at a depth of 13.5 
meters on June 3 where the water contained not even a trace of oxy- 
gen. Eeference will also be made on a subsequent page to the occu- 
pation of this stratum by Corethra larvae. 
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Sensitiveness to Lack of Oxygen. 

The various zooplankton forms show different degrees of sensitive- 
ness to the lack of oxygen in lake waters. It would seem that such 
active organisms as the plankton Crustacea would require a rather 
large amount of free oxygen, hut it has been found that they are 
able to occupy water which contains only a very small amount of this 
gas. Diaptomus is much more sensitive than Cyclops and is rarely 
found in water which contains less than 0.2 cc to 0.3 cc of oxygen per 
liter, while Cyclops may be found in considerable numbers in water 
which contains only 0.1 cc or even lees. In one experiment, some 
specimens of Cyclops bicuspidatus which had just emerged from their 
encysted state, lived for several hours in water which contained no 
free oxygen whatever. Also in Rainbow lake on October 22, 1909, 
specimens of this Cyclops were found at depths where there was no 
dissolved oxygen. These specimens were immature and had doubt- 
less recently come out of the cocoon. In view of the fact that this 
form lives several weeks during the summer in an encysted stage, in 
water which does not contain dissolved oxygen, it is not so surprising, 
perhaps, that it shows such a very low degree of sensitiveness to lack 
of oxygen when it is not in the encysted stage. An ostracod, also, es 
indicated on a subsequent page, is able to live in water which con- 
tains no dissolved oxygen. 

The copepod nauplii are able to live where only a very small 
amount of free oxygen exists. In a very few instances they have been 
found in water which contained only a trace of oxygen, but generally 
they do not occupy water which possesses less than 0.1 cc. 

The Cladocera, are more sensitive to lack of oxygen than the Cope- 
poda. Daphne longispina var. hyalina and D. pulex may be found 
in considerable numbers in water which has only 0.2 cc. to 0.25 cc of 
oxygen per liter but healthy looking individuals are practically never 
found in water containing less than this amount. Daphne retrocurva, 
Diaphanosoma, Chydorus, and Bosmma are found almost entirely in 
water which has a fairly large amount of dissolved oxygen. Only 
rarely are they taken in water which possesses less than 0.5 cc. of 
free oxygen and they are most abundant in water which is nearly or 
quite saturated with this gas. These forms, however, are very gen- 
erally limited to the region above the thermocline even in lakes where 
there is an abundance of oxygen below this depth and it seems prob- 
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able, therefore, that other factors play a more important role than 
oxygen in determining their vertical distribution. 

In one instance (Beasley late, April 22, 1909) a fairly large num- 
ber of rotifers waB found at two depths where only a trace of oxygen 
was present but rarely has any considerable number been found in 
water containing less than 0.1 cc of free oxygen per liter, and more 
often, they are very scarce when the amount falls below 0.15 cc. to 0.2 
cc. 

It will be noted in some of the accompanying diagrams, for ex- 
ample figs. 128 and 138, that some forms show a marked increase 
in numbers in the region just above the water which is devoid of dis- 
solved oxygen. These aggregations are generally found in water 
which contains from 0.15 cc. to 0.8 cc. of dissolved oxygen per liter. 
Nauplii exhibit this phenomenon most frequently, but rotifers, Cy- 
clops, Daphne longispina, and D. pulex have occasionally shown the 
same phenomenon. 

Corethra larvae, apparently those of Corethra pun*ctipenni&, are able 
to occupy with apparent impunity, water which contains no dissolved 
oxygen. In fact they seem to prefer this region in the daytime as 
they are almost invariably found here when they inhabit such lakes. 
It is not known definitely whether the two paire of air-sacs possessed 
by these larvae have any respiratory function or not ; but in this casa, 
one can readily see how they may serve a very important function by 
acting as reservoirs for oxygenated gas. But, it will be shown below 
that other animals which are more or less active, and which do not 
possess any such reservoirs, are able to live for 2 or 3 months in a 
medium which contains no free oxygen. Therefore it Ts not necessary 
to assume that these larvae carry a supply of oxygen with them when 
they move down into the water which is devoid of this gas, for it may 
be that they too are able to live by intra-molecular respiration for some 
time. 

As yet no thoroughly satisfactory reason can be assigned for the 
migration of these larvae to this region in the daytime. They react 
negatively to light, as they move down from the upper water early in 
the morning and remain in and below the thermocline during the day. 
At night, however, they are frequently found at the surface. They 
descend to depths of 12 m. or 1 5 m. in the daytime in lakes which have 
a very low transparency, that is, in some where a Secchi's disc disap- 
pears from view at a depth of 2 m. or even lees. This seems to indi- 
cate that light is not the only factor involved, for it scarcely seems 
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probable that light alttne could be responsible for Buch a large depth 
migration in lakes which have such a low transparency. It appears 
then that other factora are involved which are still unknown. 

In lakes whose lower water contains no dissolved oxygen, these lar- 
vae are the only regular inhabitants of such water, so they would be 
free from enemies here. On the other hand, however, they remain in 
the lower water in the daytime in lakes where there i3 enough oxygen 
to enable their enemies to occupy this region also. In North Turtle 
lake, for example, some specimens of Lota maculosa were obtained from 
the lower water and the stomach of one contained about 200 Coreihra 
larvae while stomachs of other specimens contained from 10 to 100 
larvae. In view of thiB fact, then, one can not Bay that the larvae 
move down into this region in such lakes to avoid their enemies. 

No evidence has yet been found which indicates that a chemical 
factor is involved. This diurnal migration has been found in some 
lakes in which the water above the thermoeline gave an alkaline reac- 
tion while that below gave an acid reaction on account of the free 
carbon dioxid present. It has also been noted in other lakes in 
which the water contained free carbon dioxid from surface to bottom 
so that it gave an acid 'reaction at all depths and in lakes which 
have Boft as well as in lakes which have hard water. 

In Beasley lake, another animal was found which occupied the 
bottom water regularly during the summer of 1909, where there was 
little or no free oxygen. It was the bright green Stentor igneus 
Ehrb. This protozoan has not been noted in any other lake and the 
fact that Beasley lake is comparatively shallow (14 m.) and the water 
generally has a fairly high transparency, suggests that this Stentor may 
receive enough light during the daytime to enable it to manufacture 
a sufficient amount of oxygen for its own respiration. 

Several forms have been found in the muddy ooze at the bottom al- 
though there was no free oxygen in this region. These forms have 
been studied chiefly in lake Mendota and the following discussion ap- 
plies particularly to thiB lake. The protozoa were represented by the 
largest number of forms. Living, active representatives of sixteen 
genera have been noted, Pelomyxa, Difflugia, Colpidium, Qyrocoris, 
Peranema, Coleps, Loaophyllum, Paramecium, Prorodon, Lacrymaria, 
Uronema, Moms, Metopus, Bpirostomum, Loxodea, and Sientor. All 
of the individuals representing these genera were perfctly normal so 
far as could be determined. They showed no evidences of unusual 
vacuolation, or any other signs of ill effects resulting from the anaero- 
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bie conditions under which they lived. Some of the parasitic pro- 
tozoa live under practically anaerobic conditions constantly so it is not 
surprising, perhaps, that the above forma should adapt themselves to 
such conditions when necessary. These anaerobic conditions exist in 
lake Mendota for a period of about three months each summer and it 
haa been found that these protozoa are as numerous and as active to- 
ward the end of this period as at the beginning. Apparently, then, 
these organisms are able to carry on their life processes just as well 
under anaerobic as under aerobic conditions. 

Higher invertebrates were also found in this muddy ooze. The 
worms were represented by specimens of Tubifex, Limnodrilus, and 
Anguillula; the rotifers by Chaetonotus and Philodina; the Crustacea 
by an ostracod belonging to the genus Candona and by encysted speci- 
mens of Cyclops biouspidaius ; insect larvae by a large red chironomid 
larva; and the mollusca by Comeocyclas idahoensis. 

Some observations were made to determine how active some of 
these forms are under anaerobic conditions. Muddy water containing 
them was pumped into glass jars that could be sealed and kept air- 
tight. This muddy water wa3 pumped through the jars so that they 
could be thoroughly flushed and all of the material removed that had 
been exposed to the air. The jars were sealed immediately after the 
material was obtained and they were then taken to the laboratory and 
placed in a refrigerator in order to keep the temperature about the 
same as that of the mud in the bottom of the lake. They were kept 
at a temperature of 13° to 15° which was 1.5° to 2.5° above that of 
mud at the time the material was obtained. The jars were carefully 
removed from the refrigerator from time to time, and examined ia 
order to determine how active the various animals were. 

The worms were as active under anaerobic as under aerobic condi- 
tions. So far as could be determined, they were not affected in the 
least by the absence of free oxygen. It has been found that some 
parasitic forms which live under essentially anaerobic conditions, have 
a very high glycogen content but no determinations have yet been 
made to ascertain the relative proportion of glycogen in these non- 
parasitic forms. 

Candona kept itself buried in the mud most of the time and so far 
as could be determined was not very active, but when placed in aerated 
water it soon became more active and moved around in the dish as 
usual under such conditions. 

The encysted individuals of Cyclops bicuspidatus remained quies- 
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cent of course. They go into this state in lake Mendota about the first 
of June and remain in the cyst, lying on the bottom, until about the 
time of the autumnal overturn, which takes place either in late Septem- 
ber or during the first half of October. The cocoon or cyst is oval in 
outline, about 0.65 mm. long and 0.6 mm. in cross diameter. It con- 
sists of two layers, an inner composed of a yellowish or brownish gelat- 
inous substance and an outer composed of this adhesive substance 
and particles of mud, vegetable debris, etc The entire Cyclops is 
covered by this cyst with the exception of the abdominal setae. The 
abdomen is generally bent forward ventrally, coming close to the un- 
der side of the thorax, so that the caudal setae project toward the an- 
terior end of the animal. These individuals are well developed, per- 
haps three quarters grown or more, when they pupate, but they are 
sexually immature. 

Both the encyatatipn in early summer and the emergence from 
the cocoon stage in autumn do not seem to be coincident with any 
marked physical or chemical changes in the water to which they might 
be attributed. Both in 1906 and 1907, most of the pupation took 
place in lake Mendota when the bottom water reached a temperature 
of 9° to 10°. Marsh 1 reports that this Cyclops is found in lake Winne- 
bago only in the months from October to June. That is, it is found 
in this lake as a winter form only. This lake is large and shallow so 
that the water at all depths becomes very warm during the summer. 
Kofoid 1 , also, states that C. bicuspidatus is only a winter and early 
spring constituent of the plankton of the Illinois river. Such evi- 
dence as this might lead to the conclusion that encystation is merely a 
temperature phenomenon which is started by a rise in the tempera- 
ture of the water to 9° or 10°, but there are complexities which can 
not be explained in so simple a manner. For example cysts have been 
found in lakes which had an abundance of water which was colder than 
9° during the summer and which also contained a fairly large amount 
of dissolved oxygen. 

Therefore, if pupation is simply a temperature phenomenon, it is not 
clear why it should take place at all in such a lake. It can not 
be attributed to any marked or sudden rise in the temperature of 
the bottom water, for most of the pupation took place in lake Mendota 
in .1906 while the bottom water rose from 9.6° to 10.1° or only half 
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At first it was supposed that the chemical condition of the cool 
lower water might be the cause of the pupation but further investiga- 
tion has shown that this does not account for the phenomenon satis- 
factorily. In 1906, it was found that individuals went into the cocoon 
stage in lake Mendota when the bottom water still contained 4 cc of 
dissolved oxygen per liter and 2.6 cc. of free carbon dioxid; in 1907, 
however, the first cocoons were found on May 28 and on this date the 
bottom water contained 1 cc. of Oxygen and showed an alkalinity equal 
to 2.6 cc. of carbon dioxid. Thus it will be Been that the cocoons are 
formed while the lower water still possesses an abundance of dissolved 
oxygen and while it may be either acid or alkaline. Cocoons have 
been found also in lakes whose cool lower water contains more or less 
oxygen during the entire summer, enough in fact to support a fairly 
large population of other Crustacea. 

Marsh 1 states that C. bicuspidatus is found at all seasons in several 
Wisconsin lakes which he studied and this seems to indicate that in 
some of the lakes only a part of the individuals go into the cocoon stage 
while others remain active during the summer. 

Forbes states that this Cyclops (C. thomasi) was the dominant cope- 
pod in the Bummer plankton of lake Michigan* and he also found it 
abundant in lake Superior* in summer. Scourneld* and Scott 6 have 
also reported this form as a constituent of the summer plankton of Eng- 
lish and Scottish waters. This, of course, makes the cause of the 
encyatation still more puzzling. In lake Mendota, this Cyclops has 
not been found in the summer catches made in 1906, 1907, and 1908. 

Emergence from the cocoon in the fall begins and seems to be al- 
most completed before oxygen reaches the bottom water in appre- 
ciable quantities and before the temperature of the bottom water 
changes very much. In 1906 the cocoons began to hatch before the 
end of September and almost all had disappeared before October 8th ; 
and the Water at 16 m. and below that depth still contained no free 
oxygen and had 4.9 cc. of free carbon dioxid per liter. The tempera- 
ture of the bottom water also had changed only half a degree in 9 
weeks, that is, on August 1, it was 12.5° and on October 8, 13°. 
Thus the cause of the emergence from the cocoon is equally as puz- 
zling as the cause of its formation. 

i Plankton of L. Winnebago and Green Lake. p. 27. 1903. 

» Amer. Nat., XVI, p. 641, 1888. 

iRept U. S. Oomm. of Fish and Fisheries, 1887, p. 707. 1891. 

* Essex Naturalist, X. p. 264, 1898. 

* Ann. Rept. Fishery Bd. Scotland, XVTI, p. 132-204, 1899. 
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In emerging, the Cyclops breaks the cocoon and loosens it by vio- 
lently extending and flexing the abdomen. The animal then backs 
out of the part which covers the body. No moulting accompanies the 
release from the cocoon, nor does any development of the animal take 
place in the exit. Observations were made on material that was 
brought to the laboratory in order to determine the length of time r&- 
quired for hatching. It was found that there are always great indi- 
vidual differences in this respect but in general the results showed 
that the cocoons hatch more promptly in September than in early 
June. During the latter month most of the cocoons will hatch in 
about a week while in September the time varies from 6 or 8 hours 
to as much as 4 or 5 days. JuBt how great a food supply iB stored 
for use during the resting period has not been determined. Encysted 
individuals always possess rather large globules of oil but these do not 
seem to decrease appreciably in size during the summer. Neither have 
any glycogen estimations been made to ascertain how much reserve food 
of this character is stored up for use during pupation. 

No specimens of Chironomus larvae were noted in the jars on which 
observations were made. 

Corneocyclas remained quiescent with the valves tightly closed. 
Some of the jars were kept under observation for two weeks and no 
living specimens were ever found with the valves open. The mud in 
the bottom of the jars was also carefully examined for indications of 
activity, but no evidences of it were found. When removed from the 
jars, however, and placed in aerated water, or when the contents of 
the jars were poured into crystallizing dishes and exposed to the air, 
the specimens of Corneocyclas soon became very active, freely moving 
about in the mud. These results seem to indicate that this mollusk 
remains quiescent or dormant during the period when the muddy ooae 
at the bottom contains no dissolved oxygen. If this be true, this quies- 
cent period lasts for three months or more each summer in lake 
Mendota. 

Several interesting problems with respect to the life of Corneocyclas 
are still untouched. It would be interesting to know how widely it 
is distributed over the bottom of the lake and whether it extends into 
the shallower water where the bottom ooze contains enough oxygen to 
enable the animal to continue its usual activities during the summer. 
Neither has the time at which it reproduces been determined as jet. 
No attempt has been, made either to ascertain whether the tissues un- 
dergo any appreciable change during the quiescent period, and whether 
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a special supply of fat and glycogen are stored previous to the latent 
life period to serve as food during that time. 

The medium in which all of these forma were found in lake Men- 
dota in summer is not only devoid of dissolved oxygen but may con- 
tain from 7 cc, to 15 cc. of free carbon dioxid per liter as well as fi cc 
to 8 cc of methane and traces of carbon monoxid and hydrogen sulpbid. 
So far as could be determined, however, these substances produced no 
deleterious effects on the organisms. 

From these results, then, it is evident that, if we wish to understand 
the physiology of some of these late inhabiting organisniB, we must 
study them in their natural environment and not merely in the labor- 
atory where they are subjected to a purely artificial environment. It 
is only necessary to give two or three instances to shov^ that the re- 
sults obtained under the former conditions may differ materially from 
those obtained under the latter. Some observers have found that 
a number of forms of protozoa show marked changes when they axe 
placed in water containing no dissolved oxygen. Most of tiie protozoa 
become strongly vacuolated, in many the cell membrane bursts and the 
protoplasmic contents flow out ; and in those which do not fare bo badly, 
characteristic changes in the protoplasm have been noted. Under nav 
ural conditions, it has already been stated that representatives of no 
fewer than 16 genera of protozoa have been found living under an- 
aerobic conditions without exhibiting any evidences whatever of ill 
effects resulting therefrom. And they withstood such conditions for a 
period varying from about three months in some lakes io as much as 
five months in others. It has been observed, also, in laboratory ex- 
periments, that anaerobic conditions have a bad effect on the process 
of reproduction, yet it does not appear that such conditions affect this 
process under natural anaerobic conditions. While no stages in this 
process have been noted in the material examined, yet the protozoa 
were as abundant and in as good condition at the end of the anaerobic 
period as at the beginning, and this could scarcely have been true if 
the reproductive process had been seriously interfered with. 

Loeb 1 has found that the heliotropic reactions of some of the fresh- 
water crustaceans can be readily controlled by specific chemical sub- 
stances, especially carbon dioxid. He states that both Cyclops and 
Daphne can be made positively heliotropic by carbon dioxid and sug- 
gests that the consumption of this gas at the surface of lakes by the 

i TTnlv. Calif. Pub., Physiol. II, p. 1-3, 1904. 
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algae "may contribute toward making these animals negatively helio- 
tropic and thus forcing them to migrate downward." This suggestion 
is open to at least two very serious objections. The first is that the 
downward migration of the Crustacea takes place very early in the 
morning, or before there is a sufficient amount of light to enable the 
algae to carry on the process of photosynthesis and, therefore, before 
there has been any change in the carbon dioxid content of the upper 
water which is deserted by them. In the second place, this down- 
ward migration takes place in lakes whose waters are distinctly acid 
from surface to bottom due to the presence of free carbon dioxid and 
where the amount of carbon dioxid at the surface is the same as at the 
depths to which the crustaeea migrate. 

On the other hand, these diurnal depth migrations have been noted 
in lakes during the vernal circulation when the water was uniformly 
and distinctly alkaline from surface to bottom. In summer this phe- 
nomenon has been observed in lakes whose upper water was alkaline 
and whose lower was acid. In addition it may be said that no diurnal 
changes of the water from an alkaline to an acid reaction have been 
found in Wisconsin lakes. Such changes take place slowly and hence 
extend over a considerable period of time. When the upper stratum of 
a hard water lake becomes alkaline in the spring, for instance, it has 
always remained so until autumnal conditions set in, so far as these 
observations go. The degree of alkalinity may vary during this long 
period of time, but these variations are not diurnaL 

It appears then that the various protozoa and microcrustacea of the 
different lakes have become delicately adjusted to their natural en- 
vironments, including chiefly perhaps, such factors as light and the 
thermal and chemical conditions of the water. Hence, subjecting 
these organisms to artificial laboratory conditions upsets this adjust- 
ment and produces results which may be partially or wholly at vari- 
ance with those which are found under natural conditions. If we 
wish to understand the life and activities of Buch organisms, then, we 
must study them as fully as possible in their natural environments. 

With respect to high oxygen, it may be said that water which is 
supersaturated with this gas seems to have no effect whatever on the 
vertical distribution of the various zooplankton forms. They are 
neither attracted nor repelled by such a stratum of water. The dia- 
gram for Knights lake on August 25, 1909, (fig. 140) shows how little 
the high oxygen affects the distribution of these organisms. 

Some tests were made on fishes in order to ascertain how the lower 
9 
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water which contained no free oxygen, would affect them. Perch 
(Perca ftavescens) and crappiea (Pomoxis) were used for this 
purpose as they are very hardy. Aquaria and specimens of these 
two fishes were taken out in a boat on lake Mendota and some of the 
lower water free from dissolved oxygen was pumped' into an aquarium, 
the discharge end of the hoe© extending to the bottom of the aquarium 
so as to expose the water to the air as little as possible. The aquarium 
was well flushed and then a fish was quickly introduced. In nearly 
all cases the specimens turned ventral side up in 20 to 30 seconds 
after they were placed in this water and specimens which remained in 
the water died in a few minutes. If they were removed, however, 
after 2 or 3 minutes and placed in aerated water, they quickly re- 
vived. These results only confirmed what had been taken for granted 
before .performing the experiments, that is that the lower water is 
uninhabitable for fishes when it contains no dissolved oxygen. 

No further experiments have yet been made to ascertain the resist- 
ance of fishes to lack of oxygen. Konig 1 found that he could keep 
fish (kind not' specified) in water which contained 2.95 cc. and 1.38 
cc. of dissolved oxygen per liter without any apparent ill effects. 
Thorner 2 found that a fish epidemic was caused by the absence of free 
oxygen. Hoppe-Seyler and Duncan' state that the trout which were 
kept from one and a half to two and a quarter hours in water having 
only from 0.98 to ,1.71 cc. of oxygen per liter showed marked signs 
of dyspnoea. Paton 4 in experiments on young rainbow trout, found 
that a fall in the amount of dissolved oxygen below one-third of the 
normal amount, i. e., below 2 cc. per liter of water, is prejudicial and 
generally fatal. Some individuals, however, were able to sustain life 
for long periods in water which contained only minimal traces of dis- 
solved oxygen. 

Knauthe 8 found that carp kept for an hour and twenty minutes in 
water which contained 1.33 cc of oxygen per liter, did not show any 
signs of dyspnoea, while others became dyspnoeic in water containing 
from 2 cc. to 3.1 CC. of this gas. 

Only two instances have been noted which give some notion of the 
resistance of any species of fish to the lack of dissolved Oxygen. The 
Mackinaw trout (Cristivomer namaycush) has a peculiar geographical 

i Die Verunrelnigung der Gewasser, II, p. 37, 1879. 
z Forschungsber. ttber Lebensmlttel, IV, p. 172, 1897. 
s Zeltschr. tar physiolog. Chemle, XVTI, p. 165, 1893. 
* Proc. Roy. Soc. Edinburgh, XXIV, p. 145, 1904. 
i Biol. Centralbl., XVIII, p. 788. 1898. 
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distribution in the lakes of northern Wisconsin and some observations 
were made for the purpose of ascertaining, if possible, the cause of 
this peculiarity. In the course of this work, Trout lake, in which 
the Mackinaw is fairly abundant, was visited in early September, 1906. 
This lake consists of two parts connected by a comparatively narrow 
but deep channel, and both parts have a maximum depth of about 
30 m. Some gill nets were set on the bottom in the deepest water of 
the south part, that is, in water 28.5 m. to 30 m. deep, and in 24 hours 
6 trout were obtained. At the time the nets were raised, some samples 
of the bottom water at this point were taken and these snowed that the 
water at 29 m. contained 0.9 cc. of dissolved oxygen per liter and at 
27 m. there were 2.1 cc 

The position of the trout in the nets indicated that they were within 
one meter, or perhaps less, of the bottom and therefore in water which , 
did not contain more than about 1 cc. of dissolved oxygen per liter and 
very probably less. Also, on September 12, 1909, six specimens of a 
whitefish were obtained at a depth of 67 m. in Green lake where the 
water contained but very little more than 1 cc of oxygen per liter. 
It is impossible to say just how long individuals of these two species 
of fish could remain with impunity, in water with such a relatively 
small amount of oxygen, but the facts seem to warrant the conclusion 
that they do not hesitate in the least to enter water which contains as 
little as 1 cc. of dissolved oxygen per liter, or perhaps even a little less 
than this amount. 

The inability of fishes to occupy water which contains no free oxy- 
gen means that their vertical distribution is very much restricted in 
some lakes in summer. In the smaller lakes which are well protected 
from winds and which contain much decaying organic matter, the 
dissolved oxygen may entirely disappear below a depth of 5 m. or 6 
m. in late summer. In such lakes, then, the fishes would be re- 
stricted to a warm, upper stratum only 5 m. or 6 m. thick. Even in 
so large a lake as Mendota which has an area of about 39 sq. km., 
there is practically no dissolved oxygen below a depth of 10 m, or 12 
m. in August and early September. As this lake has a maximum 
depth of only about 25 m., this means that about half the maximum 
depth of the lake is uninhabitable for fishes at this time. Scarcely 
more than a third of the maximum depth of some lakes is habitable 
for fishes in late summer. 

Thus it will be seen that the oxygen condition of the lower water 
may be a very important factor in determining the geographical dis- 
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tribution of a species of fish. Such a fish as the Mackinaw trout, 
for instance, which requires cool water during the summer would not 
find conditions favorable for it in a lake where all of the dissolved 
oxygen disappeared from the cool lower water during the summer. 
Consequently it would be limited to the lakes which have cold water 
with enough free oxygen to supply its needs. This fact is of very 
practical importance in the introduction of this specieB of trout or of 
species of whitefish into new waters. A determination of the quantity 
of dissolved oxygen in the cool, lower water of a lake in the month of 
August will show whether the introduction of these fishes is likely to 
prove successful or not 

Plankton organisms, either directly or indirectly, constitute a very 
important element of the food of most fishes at some stage of their 
development; in fact it lias been asserted that the production of fiih 
is closely correlated with the amount of plankton produced by a lake, 
or stream. But some of the foregoing results show that this state- 
ment must be modified somewhat for lakes. It has been pointed out 
that plankton is a very important factor in determining the oxygen 
condition of the lower water since it furnishes a large amount of de- 
composable matter. Beyond a certain limit, then, an increase in the 
amount of plankton would tend toward a decrease in the production 
of fish in lakes, more especially those species which live in the cool 
lower water in the summer, rather than an increase, because it would 
make conditions unfavorable for them in the lower strata. The de- 
composable matter derived from a very large growth of plankton 
would use up the dissolved oxygen in the lower water, thus making 
conditions unfavorable for fishes which prefer cool water and also 
causing a very considerable restriction in the vertical distribution of 
even those which are able to live in the warm upper water. So far 
as oxygen conditions in the lower water are concerned, then, a lake 
that is poor in plankton would be best adapted to fish life in that re- 
gion, but the question of food now enters as a factor of equally great 
importance. Therefore the quantity of plankton that is beat adapted 
to fish life in a lake is that which will give the maximum amount of 
food and still not furnish enough decomposable material to the lower 
water to exhaust all of its dissolved oxygen and render this region un- 
inhabitable for fishes. 

In experiments on Fundulus heteroclitus Packard 1 found that the 

i Amer. Jour. Physiol., XV, p. 30-42. 190&-06. 
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power of resistance to lack of oxygen was increased by sodium bicar- 
bonate and that decreasing tbe alkalinity by injecting acetic acid into 
the blood decreased the resisting power. From these results, it 
may be inferred that the resistance to lack of dissolved oxygen de- 
pends in a measure, at least, upon the chemical composition of the 
blood. Thus, if a fish possessed the power to alter the composition of 
its blood somewhat, it would be able to adapt itself to water which 
contains only a comparatively small amount of dissolved oxygen. 
The ability to increase their resisting power would doubtless be useful 
to fishes in many of the Wisconsin lakes and it is possible that they 
may possess some power of adaptation to such unfavorable conditions. 

In this connection, also, it may be said that Packard* has found 
that the presence of a depolarizer, such as carbohydrates, increases tha 
power of fishes to resist low oxygen. This may help to explain why 
tbe various forms which occupy water that contains no free oxygen, 
are enabled to do so. There are substances in this water which would 
act as depolarizers and would thereby facilitate intra-molecular respir- 
ation. 

Knauthe* calls attention to the fact that Gasch, Marsson, and Hofer 
have found undoubted evidences of a close relation between an in- 
sufficient amount of dissolved oxygen and fish diseases of both a 
parasitic and bacterial nature. So far very little attention has been 
given to this problem in the studies on Wisconsin lakes but a few ob- 
servations have been made which seem to show that some fish epi- 
demics have been closely correlated with unfavorable oxygen condi- 
tions. It has been noted, for instance, that Leucichthys sisco which 
is found in Okauch.ee lake and which seems to occupy the cooler 
water below the thermocline during most of the summer, dies otf 
sometimes in very large numbers in late August and early September 
when the cooler water just below the thermocline does not contain i 
very large amount of dissolved oxygen. The most serious epidemic 
that has been noted within the last few years occurred in late August 
and early September, 1909, when the cooler water of this region con- 
tained the smallest amount of dissolved oxygen that has been found 
here in four years. In 1905, the maximum amount below the thermo- 
cline was 0.74 cc. per liter of water; in 1906, 0.95 cc, in 1907, 1.7 
cc. ; in 1909, 0.44 cc In 1909, the epidemic was very serious, the 
shore in places being covered with large numbers of dead fish. 



134 ISLAND LJLKEB. 

Hofer (loc cit.) has, also, found that a scarcity of oxygen will 
produce' epidemics among the larger crustacea. 

With respect to the biological relation of dissolved nitrogen, it may 
be said that Harsh and Gorham 1 reached tbe conclusion 'that this 
gas is tbe chief, if not tbe sole, cause of the gas disease in fishes. 
These investigators found that an excess of about 2 cc. of nitrogen 
per liter of water was sufficient to produce symptoms of the disease 
and that an excess of 6 cc killed most adult fisbes in a few hours. Not 
enough data bearing on this point have yet been obtained in these in- 
vestigations to enable one to say whether similar conditions in natural 
environment will produce similar results or not But attention may 
be called to a set of observations on Otter lake which has more or less 
bearing on this question. On August 20, 1906, the water of this lake 
contained an excess of nitrogen at all depths. The amount of excess 
varied from a minimum of 0.4 cc. at the surface to a maximum of 
5 cc. at 5 m. There was an excess of 3.6 cc. at a depth of 3.5 m. 
This lake has a fairly large fish population and the water contains 
enough dissolved oxygen at all depths to supply their needs. The 
vertical distribution of the fishes could not be determined at the 
time of making the gas analyses, so it is impossible to say definitely 
whether they occupied water which contained an excess of 2 cc. or more 
of nitrogen per liter or not. But it seems very probable that they did 
because they would have been limited to the upper 2 m. if they bad 
not occupied water which contained an excess of 2 cc of nitrogen per 
liter or more. No unusual fish mortality was noted at the time of 
these observations and therefore, if they were inhabiting water that 
contained an excess of 2 cc or more of nitrogen it produced no serious 
results. 

Knudsen 1 reached the conclusion from his experiments that the 
quantity of free carbon dioxid found in water depends chiefly upon 
the nature of the plankton. Copepoda decreased the oxygen per- 
ceptibly and increased tbe carbon dioxid in three hours. Diatoms 
kept in the dark, absorbed a little oxygen and gave up an appreciable 
amount of carbon dioxid but those exposed to light used up almost a 
quarter of the total quantity of free carbon dioxid and gave off oxy- 
gen. 

In the Wisconsin lakes, however, decomposition of organic matter 
seems to be the most important factor concerned in the consumption 



iRept. U. S. COmm'r at Fisheries for 1904, p. 356. (1905.) 
i Comptes Rendus, CXXIII, p. 1091-3, 1896. 
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of dissolved oxygen and in the production of free carbon dioxid. 
While both fish and living plankton organisms may play more or less 
prominent roles in this process, yet they are by no means as import- 
ant a factor as decomposition. 

With respect to the effect of the chemical conditions of the water 
on the phytoplankton, the carbon dioxid will be considered first. The 
phytoplankton and the chlorophyl-bearing zooplankton as well, re- 
quire the presence of a certain quantity of carbon dioxid in an avail- 
able form for the manufacture of carbohydrate food material photo- 
synthetically. The amount of this gas which will be required depends 
upon the scarcity or abundance of these organisms. But the amount 
of available carbon dioxid is a fairly uniform and fixed amount for any 
one lake, the quantity differing, however, in different lakes. Such 
being the case then, what is the effect of these fixed conditions on the 
chlorophyllaceous microorganisms ? So far as the hard water lakes are 
concerned, there is enough available carbon dioxid to support large 
growths of these organisms, because there is a fairly large supply of 
half-bound carbon dioxid which may be drawn upon after the free 
carbon dioxid is exhausted. 

But the soft water lakes, especially those with very soft water, 
present a very different set of conditions. Attention has already 
been called to the fact that the upper water, which these organisms 
inhabit chiefly, appears to obtain carbon dioxid from the air at a 
slow rate and it receives very little by diffusion upward from the lower 
water. From these sources then no large supply of free carbon dioxid 
is rapidly obtainable by the upper water, and since only a small 
quantity of half-bound carbon dioxid will he present in a very soft 
water, the total available carbon dioxid will be limited in amount. 
Thus such a lake may not possess enough available carbon dioxid tJ 
support a large growth of organisms which depend upon a supply of 
this gas for the manufacture of their most important food element. 
Generally, then, one may expect to find only a comparatively small 
number of chlorophyl-bearing organisms, more especially algae, in 
such a lake ; in other words, such a body of water will very generally 
be poor in phytoplankton. 

The smallest quantity of available carbon dioxid found in any 
Wisconsin lake was 0.5 cc. per liter of water, which is still somewhat 
larger than the amount usually found in a liter of air (0.3 to 0.4 cc.). 
But the ease with which land plants come into contact with large 
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quantities of air, results in their exposure to a much larger supply 
of carbon dioxid in the course of a day, than a submerged aquatic 
plant in such a lake. In order to make good this deficiency resulting 
from poorer circulation, and produce an exposure to an equal volume 
of carbon dioxid in a given time, lake water must contain a much 
larger proportion of this gaa in an available form than the air. 

Whipple and Parker 1 state that, "in Massachusetts water-supplies, 
heavy growths of organisms were somewhat more likely to occur in 
hard water than in soft waters." They attribute this phenomenon, 
in part at least, to a scarcity o£ available carbon dioxid in the soft 
water. In general, the soft water lakes of Wisconsin on which ob- 
servations have been made, that is those in which the fixed carbon 
dioxid does not exceed 4 cc. to 5 cc. per liter of water, do not support 
so large a phytoplankton population as the hard water lakes. Thera 
are some exceptions, however, to this general statement. Some fairly 
large growths of such organisms have been found in Devils lake both 
in 1907 and 1909 and this lake has a soft water, averaging somewhat 
lees than 4 cc of fixed carbon dioxid per liter. 

On the other hand, it seems certain that other factors also, may 
be concerned in the production of the paucity since all hard water 
lakes do not support continuous large growths of phytoplankton. The 
deep lakes especially are usually poor in phytoplankton. They may 
possess fairly large growths of algae at times, but these growths do 
not continue for any considerable period of time as in the shallower 
lakes. No hard water lake has yet been found, however, which con- 
tained so little phytoplankton as many of the soft water lakes. 

The data at hand do not indicate definitely just what factors are 
responsible for the paucity of phytoplankton in the deeper lakes, such 
as Geneva and Green. It seems evident, however, that the thermal 
stratification of the water as well as the size and the shape of the lake 
basin, are factors which play a more or less prominent role in produc- 
ing thi3 phenomenon. In thermal stratification, the lake is separated 
into an upper, warm stratum and a lower, cool one and there is no 
intermixture of the water of these two strata as long as stratification 
continues. The phytoplankton which is active in tie process of photo- 
synthesis is confined chiefly to the upper stratum or the epilimnion and 
any factor which tends to make conditions unfavorable in this region 
for these organisms, tends to prevent a large growth of them. After 

■ Trans. Amer. Micro. Sera., XXIII, p. 140, 1902. 
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thermal stratification is once established, practically all of the products, 
such as carbon dioxid and nitrogenous compounds, that are formed in 
the lower water during the process of decay, remain in this region, and 
are, therefore, unavailable as food for the algae as long as this stratifi- 
cation continues. In other words the lower water serves as a safe 
deposit region for this material until the autumnal overturn. The 
deeper lakes have much steeper sides so that a much larger proportion 
of the decomposition 1 takes place in the lower water. Hence a pro- 
portionately larger amount of food material becomes unavailable for 
the algae in the epilimnion of the deeper lakes. In lake Geneva and 
Green lake the water is thermally stratified for a period of about five 
months each year and in that period of time considerable amounts of 
food material are transferred from the upper water to the lower be- 
cause organisms which populate the former are constantly dying and 
sinking into the lower strata where they decay. Thus, food conditions 
become more and more unfavorable for the algae of the epilimnion 
during the period of thermal stratification which includes practically 
all of the most favorable growing season of the year. 

In the shallower lakes, especially those with wide, shallow margins, 
a larger proportion of the decay takes place in the water above the 
thermocline and the resulting decomposition products are again avail- 
able as food for the algae of this water. Thus, during the period of 
thermal stratification in the shallower lakes, much of this material 
may be used again and again by the phytoplankton. Large shallow- 
water, aquatic plants are more numerous in the shallower lakes and 
the decomposition of these contributes additional food material to the 
upper water. Thus in proportion to the volume of water, the shal- 
lower lake presents more favorable food conditions for the phytoplank- 
ton during the period of thermal stratification than the deeper lake 
because a greater proportion of the decomposition takes place in the 
epilimnion where the resulting products are available as food for the 
algae. 

The size of a lake is not as important a factor as the shape of the 
basin, that is the depth, in determining the quantity of phytoplankton, 
but it seems to have some influence at least. In a large lake, the wind 
is more effective in keeping the upper water in circulation, so that the 
epilimnion is thicker, hence the volume of water which may be occu- 
pied by the phytoplankton is proportionately greater. 

From the qualitative standpoint, the phytoplankton of soft water 
lakes is characterized by the presence of relatively large numbers of 



138 INLAND LAKES. 

desmids. These forms are frequently found in the plankton of hard 
water lakes also, but not in such relatively large proportions nor in 
such variety of species. Stauraslrum is almost the only desmid that 
is found in the plankton from hard water lakes, but usually several 
genera will be represented in catches from soft water lakes. The 
more common forms are Micrasherias, Cosmarmm, Xanthidhtm, 
Siaurastrum, Sphaerozosma, Hyalotheca, and Desmidiu.m Stauras- 
irum, however, is usually the most abundant and a very large growth 
of this was found in Devils lake in 11907. It reached a maximum 
number of 176,000 per liter. Neither this nor any other desmid has 
ever been found in such numbers in any other lake. 

Similar phytoplankton conditions have been noted by W. and G. S. 
West 1 in the soft water lakes of Scotland. These authors state that 
the phytoplankton of the Scottish lakes "is unique in the abundance 
of its Desmids. No known plankton can compare with it in richness 
and diversity of Desmid flora." They also say that the common- 
est and most abundant forms are the Staurastrums. G. S. West 2 
makes the statement that "Desmids thrive best in soft water, and they 
are most numerous in peaty water which has a trace of acidity." The 
observations on Wisconsin lakes fully confirm two of these points, 
that is, that desmids thrive beet in soft water which gives an acid 
reaction owing to the presence of free carbon dioxid, but whether the 
water is peaty or not does not appear to make any difference. In 
fact the largest numbers have been found in Devils lake where the 
water has no trace of peaty material. 

The presence of nitrites or nitrates is of vital- importance to the 
phytoplankton, also, but so far only a very few quantitative determi- 
nations of these compounds have been made. So it is impossible to 
say at present what role they may play in determining the scarcity or 
abundance of these organisms. Likewise it is probable that other sub- 
stances which are in solution in lake waters, may affect these micro- 
organisms more or less markedly but no investigations along this line 
have yet been made. 
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Unsolved Pu.obt.kms. 



A general investigation in a new field, such as that reported in this 
paper, is sure to suggest numerous problems which it does not answer. 
This study is no exception to the rule and one of its interesting feat- 
ures has been the number of unsettled questions which have arisen 
during its progress, some of which are of great importance in limnol- 
ogy. The data which we have accumulated in the course of a genera] 
study are insuificient to answer them. We must be satisfied with 
mentioning them and are quite content if our study offers a fairly 
secure general basis of fact for these more special investigations. 
Since these phenomena of lakes are not peculiar to Wisconsin and are 
so important as to be well worth the attention of other students, it 
seems advisable to summarize some of these qiiestions, although most 
if not all of them have been mentioned in the course of the report. 
These problems are, in general, of two types: (1) Those which con- 
cern the establishment of details of quantity and time in the processes 
of gaseous exchange in the lakes ; (2) Those which concern the physio- 
logical origin and significance of these processes. Many questions, of 
course, involve both lines of study, as will appear in the following 
statement. 

Among problems relating to oxygen may be named : (1) The diur- 
nal variation of the oxygen supply in the zone of photosynthesis. Our 
studies failed to disclose a daily pulse in the oxygen, but theoretically 
the supply of this gas must decline at night and be renewed by day. 
Perhaps more detailed study and more delicate methods may show 
that there are measurable variations ; and if present they should give 
a clue to the rate of the processes of respiration and decomposition in 
the open water. (2) The causes of the frequently observed rapid de- 
cline of oxygen in the thermocline region. These sometimes lead to 
its extiiiction there while still present in considerable amount in the 
water below. This is one of a whole group of questions relating to 
decomposition and other factors concerned in the consumption of dis- 
solved oxygen. (3) The sunlight in the zone of photosynthesis offers 
numerous problems both quantitative and qualitative; the relation be- 
tween transparency and color of water and the depth to which photo- 
snythesis may extend; the relation of light conditions to the rate of 
liberation of oxygen by chlorophyl-bearing organisms, and especially 
the rate of liberation and accumulation of this gas in the excess oxy- 
gen stratum; the factors, whether due to light or other causes, which 
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fix a lower limit of depth for the manufacture of excess oxygen ; the 
position of aggregations of algae in the water with reference to the 
place of the stratum of maximum oxygen. (5) The question needs 
further study, whether the oxygen liberated by plants growing on the 
bottom may produce a supersaturation in a stratum of water extend- 
ing across the limnetic region. (6) The striking decline of oxygen 
in autumn needs careful study, both as to the amount of the decline 
and the frequency of its occurrence, as well as in regard to ite causes. 
(7) The rate at which oxygen may be absorbed from the air and the 
rapidity with which it may be circulated to the deeper water should 
be determined in detail. 

There is an equally large number of unsettled questions relating to 
carbon dioxid. Several of the problems suggested above might be at- 
tacked from the side of the carbon dioxid as well as from that of 
oxygen and probably would be studied from both sides. There should 
be, for instance, a daily variation in the carbon dioxid of the zone of 
photosynthesis, in a reverse direction to that of the oxygen. Among 
other questions may be named: (1) The quantity of carbon dioxid 
absorbed by the lake from the air, compared with that received from 
other sources; the effect of the quantity of dissolved carbonates on 
this absorption. (2) The relation of the quantity of algae and that 
of carbon dioxid available for them ; or, in other words, the optimum 
supply of carbon dioxid for the algae and the part played by the bi- 
carbonates in furnishing it. (3) The decrease of fixed carbon dioxid 
immediately following the thawing of the lake is a phenomenon whose 
causes are still unknown. Nor is it known how wide-spread the fact 
is, since it has been studied only in the hard water lakes of the south- 
eastern district. (4) The sources of the supply of carbon dioxid 
needed to furnish the oxygen liberated in the excess oxygen stratum 
are still largely unknown. There does not seem to be at hand a sup- 
ply sufficient to furnish so much oxygen as is found. Nor is the rate 
of supply yet correlated with that of liberation of oxygen. (5) The 
water below the thermocline contains so much free carbon dioxid that 
it is difficult to see how carbonates precipitated from the epilimnion 
can reach the bottom undissolved. May these carbonates originate in 
those deposited in or on bottom plants near the shore and brought out 
into the limnetic region by fall storms? This leads on to the much 
dismissed question of the formation of marl in lakes, on which perhaps 
the last word has not yet been said. (6) If carbonates are precipi- 
tated from the epilimnion, as seems to be the case, why is there not 
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more frequently an accumulation of them just below the thermocline, 
where free carbon dioxid is first found? The reduction of these sub- 
stances in the epilimnion is a regular phenomenon in all hard water 
lakes, but there is rarely observed an amount below the thermocline, 
in excess of that in water somewhat lower down. (7) The relative 
roles of the bicarbonates of calcium and magnesium in supplying car- 
bon dioxid for photosynthesis need study as well as the vertical dis- 
tribution of these substances in the lake. 

Still another most important set of problems associated with those 
of the gases concerns the organic substances dissolved in the water ; the 
relation of these substances to the reduction of oxygen in various 
strata of the lake and at particular times, such as the fall overturn. 
These questions, almost wholly untouched as yet, are an important 
part of the great complex of problemB offered by the annual cycle of 
life and death in the lake, of which the problems of dissolved gases 
and of the lake's respiration are also a part 
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EXPLANATION OP TABLES SHOWING DISSOLVED 
GASES. 

In these tables, D = depth in meters ; T =■ temperature in degrees 
centigrade; C = free carbon dioxid, the minus sign indicates that 
the water was alkaline, and the plus sign that it was acid to phenol- 
phthalein ; N = neutral ; Cb =» fixed carbon dioxid ; O = oxygen ; and 
N = nitrogen. The results for the gases are given in cubic centi- 
meters per liter of water, at a temperature of 0° C. and a barometric 
pressure of 760 mm. The district in which the lake is located is in- 
dicated by N. E., N. W., and S. E. 

In some instances the lower water, especially at the bottom, is as- 
signed an amount of gas in the nitrogen column in excess of the 
quantity of nitrogen which could be derived from the air. In a few 
of these cases the excess jnay be nitrogen derived from the ground 
water, but more frequently it is due to the presence of some methane, 
which was not separately determined. 
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INLAJTD LAKES. 
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Ao«. 16, •«!.. 
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Aug. 12. '07.. 

Auf. IS. W. 
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{See p.2l6-> 
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(See p. 217.) 
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li 
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20.0 
11.5 
12.3 
t.5 
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7.9 
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1.11 
1.5 
2.0 
2.25 
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20.2 
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lit 
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8.1 

0.B 
Tr. 

Tr. 
Tr. 
Tr. 






-o.s 


11.6 
11.9 
12.1 
12.1 
12.1 
12.1 
12.1 
12.9 
13.9 
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2.5 
-6.B 
h 7.3 
-8.1 
-8.9 
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US 



TABLES— DISSOLVED GASES. 
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1.26 5 
1.28 ! 
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1.6 ; 






+ 5.7 


1.6 2 
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A u , w 



8 
15 
21 


23.0 
22.0 
18.8 
13.5 
0.0 
0.1 
8.5 


05 


76 6 
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+ 5 
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Bert 23, '07 



5 


20.es 

20.8 
18.8 
14.4 


+ 1.2 

+ 2.0 
+ 0.0 
+10.0 
+18.7 


35.3 4 
85.0 4 

40.6 Tr 
41.0 
58.8 
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7 






(Seep 220) 
















LAKE MAXiNKUCKEE. Ind. 
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7 
8 

e 
it 

12 
15 
20 
25 


22.3 
22.2 
21.0 
19,7 


— 3.S 

-3.8 

- 3.0 

+ 0.4 
+ 1.4 
+ 2.5 
+ 1.2 
+ 3.8 
+ 5.3 


24.5 

24.5 6 
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EXPLANATION OP FIGURES SHOWING DISSOLVED GASES. 

The curves in the accompanying figures showing the results of the 
gas determinations are designated as follows: C = carbon, dioxid, 
that portion of the curve to the left of the zero line indicates negative 
carbon dioxid or alkalinity and that to the right is free carbon dioxid ; 
Cb — fixed or carbonate carbon dioxid; = oxygen; N = nitrogen ; 
and T = temperature. The vertical spaces represent the depth in 
meters; the horizontal spaces show the cubic centimeters at 0° and 
760 mm. per liter of water in the curves representing the gases and 
the degrees centigrade in the temperature curve. In designating the 
fixed carbon dioxid in the hard water lakes, the numeration in the 
horizontal scale has been interrupted in order to avoid making the 
diagrams, too larga In such cases the figures for fixed carbon dioxid 
have been placed on a line slightly higher than that to the left in 
order to show the interruption. These raised figures pertain only to 
the fixed carbon dioxid. In the curves, the depths at which observa- 
tions were made are indicated by small circles. The lines making 
up the curves have been drawn directly from one point of observation 
to the next without any attempt to round off the curves. With the 
first diagram for each lake there are given the following facts regard- 
ing the lake : The district in which it is located (northeastern, north- 
western, or southeastern) ; the length in km. = L; the direction of 
the long axis (N — S, etc) ; the greatest breadth, measured about 
at right angles to L, = B; the maximum depth is given approximately 
by the diagram. 
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Fig. 38.— Green Ink*, southeastern Wisconsin. (L. 1E.B im., 
NE-SW; B. 3.2 km.). February is, IMS. Note the low 
temperature ol the water throughout this deep lake and 
the uniform oxygen, nitrogen, and carbon dluxid condi- 
tions. The nitrogen curve la not lettered. See p. 78. 
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Fig. 38.— Green lake, August 14, 1906. Typical imnmer conditions for 
this lake. See fig. 38 and observe the rise in the quantity of faced 
carbon dioxld In the thennocllne due to a decrease above the ther- 
mocline and an increase below, and, at the bottom, the decrease of 
oxygen and the increase of free carbon dloxld. Also note the form 
ol the oxygen curve In the lower water. 
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«». 10— Green lake. October i, 1906. OomDare with 
fig. 39 and note the downward progress of the 
tbermocHne and the distinct notch In the oxygen 
curve Id the mid-thermoellne region. For similar 
notches In oxygen curves sea figs. 13, 84. 88, 100, 
and 116. See text p. W. 
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Fig. «.— Beaslej- lake, August 8, 1908. Note the correlation In depth be- 
tween high alkalinity, high oxygen, and the notch In the flied carbon dl- 
oild curve. Compare with flgi. *8 and U. Bee p. 8!. 
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Pfg. 17.— Beaslej lake. August 31. 1908. Shows only a trace of excess 017 
gen and the notch In the flxed carbon dloild .curve. Not* the large 
quantity of tree carhon dloild at the bottom. See tig. M and note 
Hie change in the gas curves resulting largely from a downward move- 
ment of the thermocllne. 
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'in. 18.— Beaaley lain, March 19. 1909. Showl lata 
winter condition!. There was no Oxygen tn the 
bottom water and the water was add at all 
depths, the quantity of tree carbon dloxld being 
fairly large at the bottom. See p. IB. 



INLAND LAKEB. 



« > 


1 




* 


• 




II 14 II 


I 41 41 


ol 






\h 




E 


















\l 
























































































1 , 


































/ 






















/ 














1 




/ 




















I 








■ 



















* 
















1 


■ 


4 






,?,"■ 


II 41 41 4 


41 41 II 




°l 












o 














' 






1 




























I 














/ 






















































t 




























| 












/ 








-i 


















\ 












1> 


















A 


-. 




















> 


< 








r 




















s 


























/ 














































"" 


- 
























\ 






















/ 








- 


. 
























N 














I 



































\g. SO. -Garvin lata, JiiDe as. 190fi. Compare with Dg. 49. Note the Increase In 
alkalinity In the upper water; In toe lower, toe decrease of omen and the In- 
crease of tree and fixed carbon dloxtd. 




Tig. H.— Garvin lake July ST, 1906. Note that a rather 
large amount ol methane (curve marked "M") was found 
In the lower water. 
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Fig. 54.— Knights lite, southeastern Wisconsin. (L. 0.S km., E-W.; B. 0.1 
km.) August St, 1900. Note the correlation In oenth between the ex- 
cess oxygen and the Increased alkalinity. The lake receive*, a large ' 
amount of ground water which greatly Influences the tsmneratun of 
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Wisconsin. (L. 0.1 NE-SW.; 
Note the exceBa ovygeu In the upper 
also the peculiar distribution of the 
receives a large amount ol 
tie temperature ol the lower 
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Fie. 68.— Otter lake. August 20, 1906. Note the correlation Id 
depth between the excess oxygen and the decrease Id the 
"—'■ —-■-■■■- " — ", Bes flg. St and text p. 81. 



fixed carbon d: 



INLAND LAKES. 



* 
















I 


I 




• II 11 11 24 11 " *' 




c 








o 














■ | 


T i 


Cb 




1 






























1 












*• 


"... 


i 




^-*" 


'■ 






















. 










\ 






r* 


> 






., 


. 


"^ 




1 




; 




'[ 


1 








































; 










i 




; 






/ 






























/ 












1 




































1 


■ 






















i 









































rig. W.— OttW laW, July t, 1MB. Compare wltb Bg. 91. 
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Fig. «D.— Otter lake, July 



o, July 17. 1800. Compare with flg. 60 and 

„ „je Increaie In.the alkalinity of the upper water. Ob- 

aerve also the decrease of Hied carbon dloiid Id the 
epilinmton and Its Increase at 9 m. See p. 61 
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Pig. 61.— Otter lake. August 18, 1906. Bee ngi. W and K. 
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Fie. C:\-Mar! lake southessirrn Wine 
decrease in [he alkalinity of the wat 



See figa. 64 and 107. 
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Fig. (4.— Clear lake (Minocqua). north- Fig. 66.— Clear lake (Mlnocoua), Anjtnet 11 

eMtera Wiaconaln. (L. S.O, NE-8W; ]<jod. Note Itiat the exoesa oiygen itratom 

B. l.s km.) August 2fl. 1807. Bbowi was alkaline. See Age. 04, 72, and 7> and 

an increase in tree carbon dioiid cor- teii p. 7B. 
related with a alight rise Id the oxr- 
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DIAGRAM 8— DISSOLVED OASES. 
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Flf. flfl.— AlIequiBb 


lake, northssstern 



j August 20, 1607. Obaerre 

arked increase of free and fixed 
a dloxld In the bottom water. 



Fig. «.— Devils lake, September 18, 1906. Lite 
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Fig. TO.— Little Trade lake, northwestern Wliconsin. <L. 1.0 km. 
NE-SW; B, 1,2 km.) August 10, 1908. Note the marked fncreaa 
ot tree and nx"it carbon dloxld In the lower water. See Has. a 
71, and p. 1SE. 
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Pig. 71.— Upper Turtle lake, northwestern Wisconsin. (L. 8.6 km., NW-8K; 
B. 0.T km.) August 12, 1008. Mote the nigh alkalinity and exceaa oxy- 
gen |156 per cent, of saturation) at the surface and tbe Inereue of 
free and fixed carbon dio*ld in the lower water. 
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Pie. 98.— Elkhart lake, southeastern Wisconsin. L. (1.T6 km., 
NW-SE: B. l.ffl km), Awmt 9, 180S. Note the smsn ex- 
cess of oxygen In tbe upper part of the therm online. 
Then was so excess of nitrogen at all depths; the amount: 
at the surface was about 0.5 ec. above the saturation 
point and that at tbe bottom about 1.5 ec. 
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Til . 68,— Trout lake, Anput 1A 
MOT. Compare with He. 07 
and note that the upper 
water in aUaUne In IBM bat 
add In 18OT. Sea p. 7T. 
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Fit. 99.— T.uke Owen. 

(L. 10.0 km., NB-B... _ ... 

20, 1908. Compare with fig. 97 and nc 
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0.8 tan,), August Jig. 100.— Beaver Dam lake, northwestern. Wle- 

«„ ,-■ .....h „-,.-,. tonsln (L. e.O km., NW-8E; B. 13. km.), 

August 11, 1908. Note the peculiar thenno- 

cliue and the decrease ol oiygen Id the 7-10 

In stratum with a rfae below. See p. 50. 
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'It. 101. -Rnrilon lake, north western Wla- 
cousln (L. 4.2 km., NE-8W; B. 1.2 km.), 
Angujt 20. 1906. Compare with flgfl. 99 
and 100. All are altuated In the same 

general region. Note the difference in 
illasolved osyjjen and flied carbon dl- 



— Fine lake (New Auburn district). 
i western Wisconsin. (L. 2.1 km.. 
IW; B. 1.0 km.) August 8, 1901. 
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Pie. KB.— Shell lake, run 



August IS, IHIIS. Not* 
stratum that was Dot kept In circula- 
tion by the wind aart by c 
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Fig. 110.— Ban lake (Minoco.ua), nortbeaat- 
arn Wisconsin. (L. 0.9 km., NE-SW; B, 
0.3 km.) September 8, 1908. Note the 
■mall amount of axed carbon ill oil d. 
Showi uniform conditions characteristic 
of a shallow lake. Figa. JB-fiS, B9-71. 
and 110 illustrate summer condition! In 
shallow lakes, ranging from those In 
which circulation Is complete to those 
which possess a well defined thenno- 
ellne but no bypollmnlon. 
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ig. 111.— Adelaide lake, northeastern Wis- 
consin. (L. 0.8 km.. N-8; B. 0.4 km.) 
August 10, 1907. A small, fairly deep 
laic Jiltnated In tbe midst of a loreit. 
i thin upper stratum ol water 
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Ig. 112.— Holem lake, Indiana. (L. 1.2 km., NE-SW; B. 0.1 km.) September 23, I90T. 
Note the comparatively small amount of oxygen In tbe tipper water and the 
marked rise of free and fixed carbon dloxid at tbe bottom. Bee fuxs. E£ and It 
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Pig. US.— Lake Maxlaltuck ee. Indiana. (L. 2.7 tan., N-8: B. 1.7 
kin.) September 20, 190T. Compare with lis. 23 and note the re- 
semblance ol the curies. See p. 98. 
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DIAGRAMS— DISTRIBUTION OF PLANKTON. 



EXPLANATION OP FIGURES SHOWING VERTICAL DISTRI- 
BUTION OF PLANKTON ORGANISMS. 

In figures representing the distribution of the plankton organisms, 
the vertical spaces show the depth in. meters; the curves to the left of 
the zero line indicate the number of Crustacea, nauplii, and rotifers 
per liter of water, while those to the right show the number of algae 
per liter. The curve marked C = crustacea, N/ = nauplii, R=roti- 
fers, D = diatoms, and A = all other algae. The small circles show 
the depths at which observations were made. The column of figures 
at the right margin marked T indicates the temperature of the water 
in degrees C. and that marked O shows the number of cc. of oxygen 
per liter of water at the various depths. The diatoms found in the 
various lakes are almost entirely colonial forms and no attempt has 
been made to indicate the number of individuals in these colonies. 
The curves, therefore, show only the number of colonies. Also, such 
forms as C-erutiurri, TJroglena, and Dinobryon have been included in 
the curve showing "all other algae." 
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FlE. lie— Distribution of plankton t 

1 horizontal ■pace = 20 crustsctn ="u —- 
ten was too aiiall to plot. Predominant ) 



Pine like (New Auburn). Angiiat SI, 1907. Scale, 1 v 
111 pec liter of water, and £00 nlgao and diatom*, 
rum: ADbanocarjea. TabeUarla, and Oyelopa. See p. 
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117.— Vertical distribution of the plankton ocBBniimB 
i Trout lake, September 7. 1906. Scale, 1 horizontal 
pace — 5 cniatacea. nauplil, and rotffere per liter of 
■atfr and BOD algae and diatoms. Oadllatorla was the 
rednmlnant alga and Cyclops the predominant erui- 
acean. Maatlgocerea was tha predominant rotifer. Sea 
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V)S. 118.— Vertical distribution ot plankton organisms Id Qre«n lake, July S 
crtutaeee, uaiiplil, and rotifer* per liter of water and GO algae and 
□ant diatom; Poljartha wbb b7 far tbe nr"* -'— ' ——.-■ ---. .-.> 



n aifltributfon ot KioplanWon below Mm. Bee p. 117. 
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Acid, nitric, 113. 
nitrous, 113. 

p yrogallic, absorption of oxygen. 8. 
Acidity of epilimnion, 76, 79, 88. 

of ground waters, 88. 

of hypolimnion, 72, 79, SO, 86. 
Adelaide lake, diagrams of dissolved 

gases, 220. 
Aeration, effect on precipitation, 89. 
Aggregations of Crustacea, 224. 227, 248, 

i, 237, 
245, 249. 
Agitation of water, effect on precipita- 
tion, 89. 
Algae, correlation with excess oxygen, 
54. 

in winter, 32. 
Alkalinity, 70, 71, 114. 

and autumnal overturn, 74. 

of Big Butternut lake, 70, 77. 

of Clear lake, 78. 

degree of, 71. 

of Devils lake, 76. 

and excess oxygen, 93. 

in medium water lakes, 77. 

of Mendota, 71-74. 92. 

and photosynthesis, 72. 

of Silver lake, 78. 

in winter, 71. 
Allequash lake, diagram of dissolved 
gases, 201. 

fired carbon diozid in, 77. 

observations on, 104. 
Alumina, 107. 

See table of analyses, 170. 
Ammonia, 74. 

albuminoid, 111, 112. 

Drown on, 74. 

free, 111, 112. 
Anabosna. in Big Butternut lake, 77. 
Analysis of Chara, 88, 71, 171. 

of crust of Potamogctcm, 08, 171. 

of gas, 8. 

of mud, 108, 171. 
Analysis of water, mineral. 104, 170, 171. 

sanitary, 104, 111. 
Anguillvla in absence of oxygen, 124. 
Anwcea cochltarti, 118. 
Aphanocapea, 117. 
Apparatus for boiling samples, 7, 9. 

for taking samples, 5, 18. 

tenax, 10. 



Arbor Vitas lake, observation on, 104. 
AtteriontUa In Pine lake, 116. 

and silica, 100. 
Atkins lake, observations on, 167. 
Autumn, oxygen in, 39. 



Balsam lake, observations on, 167. 

Baltic sea, silica in, 106. 
Bardon lake, diagram of dissolved gases, 
216. 

observations on, 167. 
Bass lake, analysis of water, 170. 

calcium in, 107. 

diagram of dissolved gases, 220. 

magnesium in, 107. 

observations on, 164 
Batrae/iium. 71. 
Beasley lake, analysis of water, 83, 170. 

autumnal overturn, 57. 

calcium in, 82, 109. 

carbon dioxid in spring, 79. 

circulation in, 56. 

decomposition in, 79. 

diagrams of dissolved gases, 191- 
198. 

fixed carbon dioxid in, 81, 82. 

formates in, 75. 

free carbon dioxid in, 79, SO, 86. 

magnesium in, 82, 109. 

methane in, 101. 

observations on, 144-146. 

oxygen iu, 40, 55. 

plankton in, 120. 
diagram. 246. 

silica in, 106. 

vernal overturn, 55, 79. 
Beaver Dam lake, diagrams of dis- 
solved gases, 215. 

observations on, 107. 
Beneker on methods for carbon dioxid, 

21. 
Benner, EL C, vii, viii. 
Bicarbonates of ground water, 90. 

reduced to normal carbonates, 81. 
source of, 90. 
Big Butternut lake, alkalinity of, 70, 77. 

diagrams of dissolved gases, 185. 

observations on, 166, 107. 

oxygen in, 40, 
Big Carr lake, observations on, 160. 
Biggs on oxygen in sea water, 83. 
Bird lake, observations on, 105. 



Black Oak lake, diagram nf dissolved 

gases, 218. 
Black sea, oxygen in, 01. 
Bodonsee, 60. 
Boiling, method or, 6, 8. 
Botmina, 118, 131. 

Bottom, decomposition at, 30, 48, 49. 
Bottom water, absence of oxygen in, 41. 

decrease of oxygen id, 30. 

temperature of, 27. 
Bureau of Fisheries, U. 8. 3. 



Calcium. 107. 

in Bass lake, 107. 
in Beasley lake, 100. 

changes in, 67. 

decrease in epilimnion, 108. 

in excess oxygen stratum, 82. 
distribution of, 106-108. 
'n hypolimnioi 



09, 108. 

in Knights lake, 109. 

in Mondot.a. 65. 

in mud, 108. 171. 

in North lake, 107. 

in Otter lake, 109. 

ratio to magnesium, 100. 

removal from epilimnion, 68. 

solubility of normal carbonate, 64. 

See table of analyses, 170. 
Gandena in absence of oxygen, 124. 
Carbonates, precipitation in sea water, 

69. 
Carbon dioxid, absorption from air, 64. 



t of fixed, 76. 
in Beasley lake, 79, 80. 
calculation of results, 23. 
consumption by algae, 91, 114, 116. 
in Cook lake, 94. 
effect of circulation on, 33, 71. 
effect of vernal overturn on, 80. 
fixed or combined, 65, 67. 

decrease in epilimnion, 67, 81. 

and exoess oxygen, 81. 

In Garvin lake. 81. 

in Green lake, 81. 

in hard water lakes, 81. 

increase in hypolimnion, 67, 81. 

in Knights lake, 81. 

in Long lake, 81, 84. 

in Mendota, 65-69. 

in North lake, 81. 

in Otter lake, 81. 
free, 70, 76, 77, 78, 87. 

in Beasley lake, 79, SO. 

in Garvin lake, 80. 

in Grosser I'loner See, 88. 

in hypolimnion, 80. 

in hard water lakes, 78. 

Knudsen on, 134. 

in Long lake, 79, 87. 

in medium water lakes, 77. 



in Mendota, 70-74. 

in North lake, 79. 

in soft water lakes, 76. 

in spring, 79, 80. 

in Waupaca lakes, 87. 
half bound, 65, 69, 85. 

and algae, 65. 

Kaiser on, 23. 

and photosynthesis, 70. 

removal of, 71. 
in hard water lakes, 78-88. 
in Holem lake, 94. 
in Maxinkuckoe lake, 93. 
in medium water lakes, 77. 
in soft water lakes, 76. 
method of determining, 21. 
and oxygen, relation between, 91. 
production by living organisms, 135. 
quantity available, 135. 



in 



64. 



Seyler on, 21,23, 70. 

solubility of, 25. 

in Tippecanoe lake, 95. 

in various lakes, 75. 

See tables, Appendix I and diagrams. 
Carbon monoxid, 101, 114. 
Card, record, 24. 
Carex, 71. 

Caspian sea, oxygen in, 60. 
Catherine lake, observation on, 164. 
Ghaetonotut in absence of oxygen, 124. 
Ohara, analysis of, 68, 71, 171. 

in Otter lake, 54. 
Chironomut under anaerobic conditions, 

121, 127. 
Chlopin on comparison of methods, 13. 
Chlorin, 109. 

vertical distribution of, 110. 

See table of analyses, 170. 
Chydorve, 121. 

Circulation, autumnal, effect on carbon 
dioxid, 71. 
in Mendota, 28. 

and distribution of organisms, 115. 

effect on oxygen, 49. 

in epilimnion, 37. 

vernal, in Beasley, 56. 

effect on dissolved gasas, 33. 
in large lakes, 49. 
in Mendota, 27, 35. 
in small lakes, 48. 
Cladocera in water poor in oxygen, 121. 
Clear lake, alkalinity of. 76. 

analysis of water, 170. 

diagrams of dissolved gases, 200. 

observations on, 166. 
Clear Crooked lake, observations on, 164. 
Clows on oxygen in sea water, 63. 
Cocoon otOyetop* bieutpidatut, 124. 
Uoltpi in absence of oxygen, 128. 
Culjkdivm in absence of oxygen, 123. 
Cook lake, carbon dioxid in, 94. 

diagram of dissolved gases, 221. 

oxygen in, 94 
Copepoda in water poor in oxygen, 121. 



Cortikra larvae under anaerobio condi- 
tions, 120, 132. 
diurnal migration of, 122. 
Corneocyela* idahoentis under anaerobio 

conditions, 124, 127. 
Coemarium, 138. 
Crawling Stone lake, observation! on, 

160. 
Crutwomer namaycuth in Trout lake, 

117, 130. 
Cronheim on tenax apparatus, 10. 
Crustacea, aggregations of, 224, 227, 248, 

249. 
Currents caused by wind, 27, 28. 
convection, 26, 28. 
and excess oxygen, 51. 
in Mendota, 44. 
Cyclops, 117, 118. 

Cyclopt bicwpidatui under anaerobic 
conditions, 121, 
pupation of, 124. 
Cyclops in water poor in oxygen, 121. 



Daphne hyaHna, 117, 131. 
Daphne pulex, 121. 
Daphne retrociiTva, 121. 
Decomposition, 113. 

in autumn, 40. 

in Beasley, 79. 

at bottom, 30, 48, 49. 

consumption of oxygen in, 134. 

in deep lakes, 137. 

effect of temperature on, 49. 

in hypolimnion, 47. 

and methane, 101. 

and oxygen, 92. 

in shallow Jakes, 137. 

sources of material for. 47. 

in winter, 30. 
Delebecque on diatoms, 110. 

on dissolved oxygen, 61. 

on waters of French lakes, 110. 
Damidium, 138. 
Desmids, West on, 138. 
Devils lake, alkalinity of, 76. 

analysis of water, 170. 

diagrams of dissolved gases, 200, 
201. 

observations on, 146. 

phy topi »nk ton in, 136. 
Diagrams, discussion of, 116. 

showing distribution of plankton, 
224-249. 
dissolved gases, 174-222. 
Diaphsnosoma, 121. 
Diaptomus, 117. 

in water poor in oxygen, 121. 
Diatoms in autumn, 39. 

in Big Butternut lake, 77. 

Delebecque on, 110. 

effect on silica, 105. 

in Knights lake, 54. 

in lake Mendota, 119. 

in Silver lake, 54. 



Diemer on methane, 96. 

Difflvgia in absence of oxygen, 123. 

Dissolved gases, diagrams of, 174-232. 

tables of, 144-169. 
Distribution of plankton, 116, 120. 

diagrams showing, 224-249. 
Dost on dissolved oxygen, 17. 
Drown on ammonia, 74. 

on dissolved oxygen, 30. 

Ekman on carbon dioxid of sea water, 
92. 

on dissolved oxygen, 68. 
Elkhart lake, analysis of water, 170. 

diagrams of dissolved gases, 213. 

observations on, 146. 

plankton of, 117. 

plankton diagrams, 228, 229. 
Ellms on methods for carbon dioxid, 21. 
Environment, artificial, 128, 129. 

natural, 128. 

variations in 113. 
Epilimnion, acidity of, 76, 79, 86. 

alkalinity in Mendota, 71-74, 92. 

calcium in, 108. 

circulation in, 37. 

convection o 

cooling of, is 

decrease of carbon dioxid in, 67, 81. 



oxygen in, 37, 38. 
phytoplanktoti in, 136. 
removal of calcium from, 68. 
Excess oxygen. See oxygen, excess. 

Fence lake, observations on, 165. 
Fisheries, U. S. Bureau of, 3. 
Fishes, effect of low oxygen on, 129, 131, 
133. 
effect of nitrogen on, 134. 
plankton as food for, 132. 
resistance to lack of oxygen, 129. 
vertical distribution and lack of 
oxygen, 131. 
Fish Trap lake, observations on, 164. 
Forbes on Cyclop* bicutpidatat, 126. 
Forel on water of Geneva, Switzerland, 

110. 
Formates, 75. 
Fragilaria and silica, 106. 
Fundulu* heterochtut, resistance to lack 
of oxygen, 132. 

Garvin lake, analysis of water, 170. 

decomposable material in, 79. 
diagrams of dissolved gases, 194, 



195. 
fixed carbon dioxid 
formates in, 75. 
free carbon dioxid in, 80. 
methane in, 101. 
observations on, 147. 
oxygen in, 46. 



.81. 



Glues, dissolved, diagrams of, 174-222. 
number of determinations, 3, 
tables of, 144-109. 
See carbon dioxid, oxygen, nitrogen, 

Geneva lake, Switzerland, dissolved 

gases in, 61, 62. 
Geneva lake, Wis., analysis of water, 
170. 

diagrams of dissolved gases, 190. 

observations on, 147, 148. 

oxygen in, 46, 62. 

plankton of, 117, 118. 
diagram, 330. 

quantity of phytoplanktoa, 136. 
Gill on dissolved oxygen, 17. 
Gorhain on effect of nitrogen, 134. 
Green lake, analysis of water, 170. 

orustacea in, 117. 

diagrams of dissolved gases, 180- 
180. 

iixed carbon dioxid in, 81. 

free carbon dioxid in winter, 78. 

observations on. 148. 

oxygen in, 40, 00, 110. 

plankton diagrams, 336, 337. 

quantity of phytoplankton, 136. 

whitefista in, 117. 
Grosser Ploner See, free carbon dioxid 
in, 88. 

oxygen in, 00. 
Ground water, bicarbonates in, 00. 

carbon dioxid in, 88. 

nitrogen in. 07. 

as source of bicarbonates, 00. 
Gyrocoris in absence of oxygen, 133. 



increase in fixed carbon dioxid i 
81. 

thickness of, 40. 

s on Mendota, 36, 39. 
Indiana, lakes in, 03. 
Iron, 107. 

See table of analyses, 170. 
Island lake, observations on, 168. 

Jamaica pond, 30. 



170. 

diagram of dissolved gases, 317. 

observations on, 149. 
Kemmerer on formates, 75. 
Kinnicut on carbon monoxid, 103. 
Knauthe on excess oxygen in winter, 00. 

on oxygen and fish diseases, 133. 

oh tenax apparatus, 10. 
Knights lake, analysis of water, 170. 

calcium in, ICO. 

diagrams of dissolved gases, 196, 
107. 

diatoms in, 64. 

excess oxygen in, 03. 

fixed carbon dioxid in, 81. 

observations on, 149. 

plankton diagrams, 346, 247. 
Knudsen on source of free carbon dioxid, 

134. 



Halbfass on dissolved oxygen, 60. 

Hall, E. B., viii. 

Hall, R. D., viii. 

Ham mills lake, alkalinity of, 76. 

diagram of dissolved gases, 109. 

observations on, 108. 
Hard water lakes, fixed carbon dioxid 
in, 81. 

free carbon dioxid in, 78. 

Set also Mendota, etc. 
Heliotropism, Loeb on, 128. 
Hell and- Hansen on dissolved oxygen, 
Hofer, 134. 
Holem lake, carbon dioxid in, 94. 

diagram of dissolved gases, 320. 

observations on, 169. 

oxygen in, 94. 
Horton on dissolved oxygen, 50. 
Hufner on diffusion of oxygen, 60. 
Hyalotktc.a, 138. 
Hydrogen, 102. 
Hydrogen sulphid, 61, 102, 114. 

Mason on, 103. 

methods of determining, 103. 
Hypolimnion, acidity of, 72, 79, 80, I 

defined, xi. 

free carbon dioxid in, 80. 



Lacrymaria in absence of oxygen, 133. 
Lake Mendota. Set Mendota. 
Lake water, source of, 89. 
Lakes, deep, paucity of phytoplankton 
in, 136. 

depth of, 3. 

effect of size on phytoplankton, 137. 

hard water, 78. 

location of, 1. 

medium water, 77. 

number of, 1. 

oxygen in shallow, 44. 

Pommeranian, 60. 

Scottish, phytoplankton in, 138. 
' ;e of, 3. 



soft v 



', 76. 



available carbon dioxid in, 136. 
phytoplankton of, 137. 

spring fed, 90. 
Laura lake, observations on, 166. 
Leaves in Garvin lake, 79. 
Leavitt on half-bound carbon dioxid, 23. 
Lebedinzeff on dissolved oxygen, 60, 



LtaeUkthvi titeo, effect of lack of oxygen 

on, 133. 
IXmmodriiuf in absence of oijnn, 124. 
Little Sissabagama lake, alkalinity of, 76. 
Little Trade lake, diagram of dissolved 

gases, 201. 
Little Trout lake, observations on, 166. 
Loeb on heliotropism, 128. 
Long lake, analysis of water, 170. 

diagrams of dissolved gases, 211, 
212. 

fixed carbon dioxid, 81, 81. 

free carbon dioxid in winter, 70. 

free carbon dioxid in 1009, 87. 

observations on, 150, 151. 

oxygen in, 58. 
Lord on dissolved oxygen, 00. 
Lost Canoe lake, observations on, 166. 
Lota macuiomi, 123. 

Lower Bass lake, observations on, 168. 
Looodea in absence of oxygen, 133. 
Loxophyllutn in absence of oxygen, 123. 
Lunt on saturation with oxygen, 10. 



_ - 23. 
Magnesium, 107. 

in Bass lake, 107. 

in excess oxygen stratum, 82. 

in Hendota, 65. 

in mud, 108, 171. 

In North lake, 107. 

ratio to calcium, 100. 

solubility of normal carbonate, 04. 

vertical distribution of, 106-109. 

See table of analyses, 170. 
Mar! lake, diagram of dissolved gases, 
199. 

observations on, 151. 
Harsh, C. D., on Cyclop* Mcutpidatut, 
~ 125, 126. 

Harsh, M. C, on effect of nitrogen, 134. 
Hason on hydrogen sulphid, 102. 
Massachusetts water, 136. 
Material, organic, in mud, 30. 
Haxinkuokee lake, carbon dioxid of, 93. 

diagram of dissolved gases, 221. 

observations on, 160. 

oxygen in, 93. 
Hendota, alkalinity and excess oxygen, 
02. 

analysis of mud, 106. 

analysis of water, 170. 

area of. 26, 

area of drainage basin, 26. 

autumnal circulation in, 28. 

calcium in, 65. 

carbon dioxid in, 128. 

carbon monoxid in, 102. 

Changes in oxygen under ice, 31, 

circulation in, 27. 35. 

currents in, 26-28. 

decline of alkalinity, 73. 



depth of, 26. 

diagrams of dissolved gases, 174- 

Dievptomv* in, 119. 

diatoms In, 119. 

distribution of plankton in, 118. 

in autumn, 238, 239. 

in spring, 231, 240. 

in summer, 232-237, 242-245. 
effect of bottom water on fishes, 130. 
excess oxygen in epilimnion, 38, 43, 

51. 
fixed carbon dioxid in, 05. 

in spring, 67. 

vernal decrease of, 67, 

in winter, 66. 
free carbon dioxid in, 70. 

in autumn, 74. 

id spring, 72, 80. 

in winter, 71. 
half-bound carbon dioxid, 69. 
a hard water lake, 78. 
increase of oxygen in autumn, 40. 

in spring, 34. 
magnesium in, 05. 
methane in, 100, 128. 
observations on, 152-156. 
overturn, autumnal. 28. 

vernal, 26. 
oxygen in autumn, 39. 

excess, 38, 43, 51. 

under ice, 31 

in spring, 33 

in summer, 36. 

in winter, 29, 42. 
diagrams, 174, 175. 

in 1905 and 1907, 41, 42. 
photosynthesis in, 31, 43. 
plankton of, 118. 
plankton diagrams, 231-245. 
temperatures at different seasons, 

26-29. 
thermocline in, 27. 
vernal circulation in, 35. 
Methane, 97, 114. 
amount of, 101. 
in Beasley lake, 101. 
Diemer on, 98. 
in Garvin lake, 101. 
in Mendota, 100, 128. 
method of determining, 98. 
production of, 97, 101. 
vertical distribution of, 101. 
Methods, accuracy of, 19. 

comparison of, for oxygen. 11-13. 
of determining carbon dioxid, 21. 

hydrogen sulphid, 103. 

oxygen, 5. 
boiling, 5, 8. 
titration, 11. 
Winkler, 11, 13, 16. 
Hohr, 11. 
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iftiopus in absence of oxygen, 123. 

Michener, E. R., viii. 

MicriuUria*, 138. 

Miorocrustacea. 117. 

Mineral analysis of water, 104, 170, 171. 

Minneusing lake, observations on, 168. 

Hofjord, oxygen in, 63. 

Mohr, method of determining oxygen, 

Monat in absence of oxygen, 128. 
Mouse lake, observations on, 167. 

oxygen in, 40. 
Mud, analysis of, 108, 171. 
Miiller on tenax apparatus, 10. 
Mystic lake, BO. 



Nagowicka lake, free oarbon dioxid in, 
79. 

observations on, 1S7. 
Nantua lake, dissolved gases in. 61, 62. 
Nauplii, aggregations of, 122, 227, 235- 
237, 243, 244. 266. 

in water poor In oxygen, 121. 
Nichols lake, diagrams of dissolved 
gases, 217. 

observations on, 168. 
Nitrates, 111, 112, 114. 

and phytoplanktoa, 138. 
Nitric acid, 113. 
Nitrites, 111, 112, 114. 

and phytoplankton, 138. 
Nitrogen, 111. 

diagrams showing, 174-177, 194, 207, 
30U, 213. 

effect on fishes, 134. 

excess of, 96, 97. 

as food for plants, 111. 

in ground water, 97. 

in Otter lake, 97. 

solubility of, 25. 
Nitrous acid, 113. 

Normal carbonates, precipitation of, 82, 
North, H. B., viii. 
North lake, analysis of water, 171. 

calcium in, 107. 

diagrams of dissolved gases, 202-207. 

fixed carbon dioxid in, 81. 

free carbon dioxid in, 79. 

observations on, 168, 169. 

oxygen in, 40. 

variations in fixed carbon dioxid, 84. 
North Turtle lake, 123. 
North Twin lake, observations on, 165. 



fish epidemic in, 133. 
tree carbon dioxid in winter, 79. 
observations on, 160. 
Organic material in mud, 30. 



Organisms, production of oarbon dioxid 
by, 136. 
vertical distribution of, 115. 
Oidttatona, 118. 
zone of, 228. 
Ostracod, 121. 
Otter lake, calcium in, 109. 

diagrams of dissolved gates, 197, 

198. 
excess oxygen in, 52. 
fixed carbon dioxid in, 81. 
nitrogen in, 97, 134. 
observations on, 160, 161. 
Overturn, autumnal, in Beasley, 67, 
in Mendota, 28. 40. 
vernal in Beasley, 55, 79. 

effect on dissolved gases, 33, 80. 
distribution of organisms, 119. 
in large lakes, 49. 
In Mendota, 26, 33, 115. 
in small lakes, 24, 48. 
Owen lake, analysis of water, 171. 
diagram of dissolved gases, 216, 
observations on, 168. 
Oxygen, absorption with phosphorus, 8. 
with pyrogallio acid, 8. 
adding chemicals in Winkler meth- 
od, 16. 
average amount in spring, 84. 
in Beasley lake, 55. 
in Black sea, 61. 

boiling method for determining, 5. 
in bottom of small lakes, 48. 
calculation of results, 18. 
and carbon dioxid, relation be- 
tween, 91. 
changes in Mendota under ice, 81. 
comparison of methods, 11-13. 
in Cook lake, 94. 

correlation of excess with algae, 64. 
and decomposition, 92. 
decrease of, in autumn, 39. 

in thermocline, 50. 
Delebecque on, 61. 
distribution of fishes and lack of, 

131. 
diurnal variations in, 55. 
effect of drainage water on, 31. 
effect on fish diseases, 183. 
effect of weather on, 49. 
in epilimnion, 37, 38. 
excess, 91, 114. 
and alkalinity, 92. 
in Beasley lake, 192. 
and decrease of fixed carbon di- 
oxid, 81. 
diagrams showing, 191, 192, 196 

200, 202. 
•Sect on distribution, 129. 
in epilimnion, 38, 43. 
in Knights lake, 52 
- in Mendota, 31, 33, 51. 
in Otter lake, 02. 
source of, 51. 
exhaustion of, in hypolimnion, 47. 



in Garvin lake, 40. 

in Geneva lake, 46, 62. 

la Green lake, 46, 50, 115. 

in Grosser Pinner Bee, 60. 

Halbfasi on, 60. 

He! land- Hansen on, 63. 

in Holem lake, 04. 

Hiifnor on, 60. 

increase of, in autumn, 40. 

Knautho on, 60, 13S. 

Lebedinzefi* on, 60, 61, 63. 

in Lour lake, 58. 

in Maxinkuckee lake, 93. 

in Mendota. See Mendota, oxygen. 

Mohr method for determining, 11. 

in North lake, 46. 

percentage of saturation, 19. 

in Pestowo lake, 61. 

Pottorsson on, IB, 63. 

production of, SI. 

in Rainbow lake, 59. 

rate of decrease in hypolimnion, 40. 
of increase in autumn, 41. 
of production, 53. 

removal of, 8. 

resistance of fishes to lack of, 132. 

in sea water, 62, 63. 

sensitiveness to lack of, 121. 

in shallow lakes, 44. 

solutions required for Winkler me- 
thod, 13. 

and shallow water plants, 54. 

solubility of, 35. 

Spina on, 17, 50. 

in spring, 34. 

table of saturation, 20. 

in Tippecanoe lake, 04. 

Winkler method of determining, 11. 

See tables of Appendix I and. dia- 



Packard on resistance of fishes to lack 

Of oxygen, 132. 
Palmer on dissolved oxygen, 50. 
Paramecium in absence of oxygen, 123. 
Parker on Massachusetts water supplies, 
136. 
on saturation with oxygen, 10. 
Pdomyza in absence of oxygen. 123. 
Peranema in absence of oxygen, 133. 
Perca flavMcmi affected by lack of oxy- 
gen, 130. 
Pestowo lake, oxygen in, 61. 
Pettenkofer method of determining car- 
bon dioxid, 21. 
Pettersson on carbon dioxid of sea water, 
02. 
on dissolved oxygen, 10, 63. 
Phihdina in absence of oxygen, 124. 
Phosphorus for removal of oxygen, 8. 
Photosynthesis and alkalinity, 72. 

consumption of carbon dioxid dur- 
ing 01. 
decline of, in autumn, 30. 
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in epilimnion, 37, 136. 

and excess oxygen, 51. 

and half-bound carbon dioxid, 70. 

in Mendota, 31, 43. 
Phytoplankton in autumn, 30. 

and decomposition, 47. 

in deep lakes, 136. 

diagrams of distribution, 224-240. 

distribution of, 115, 110. 

effect of chemical conditions on, 135. 

in epilimnion, 136. 

and excess oxygen, 51. 

and nitrates, 138. 

and nitrites, 138. 

and nitrogen, 111. 

of soft water lakes, 137. 

specific gravity of, 47. 
Pike lake, analysis of water, 171. 
Pine lake, diagram of dissolved gases, 
216. 

observations on, 160. 

plankton of, 116. 
diagram. 224. 

quantity of phytoplankton, 136. 
Plankton, absence of, in bottom water, 
220, 

diagrams showing distribution of, 
234-240. 

distribution in autumn, 120, 238, 230. 
in spring, 115, 231, 240. 

, 118, 110, 232-237, 242- 



in Elkhart lake, 117. 

as fish food, 132. 

method of taking catches, 6. 
Plants, shallow water, and oxygen, 54. 
Ploner Bee, 60, 88. 
Pommeranian lakes, 60. 
Pomoxit affected by lack of oxygen, 130. 
Ptmtoporeia hoyi, 117. 
Potamogeton, analysis of crust on, 68, 
171. 

in Mendota, 71. 
Physiology of lake organisms, 128. 
Potassium, 100. 

See table of analyses, 170. 
Precipitation of carbonates in sea water, 

69. 

of normal carbonates, 82. 
Problems, unsolved, 130. 
Proration in absence, of oxygen, 123. 
Protozoa under anaerobic conditions, 

123. 128. 
Pump, semi-rotary, 5. 
Pupation of Cyclops bic-utpidatiu, 124. 



Raben on silica, 106. 

Rainbow lake, analysis of water, 171, 

calcium in. 108. 

diagrams of dissolved gases, 218, 
210. 

free carbon dioxid in, 70, 87. 

observations on, 161-163. 

oxygen in, 50. 



Rainwater, free carbon dioxid in, 04. 
Record card, 24. 

Resistance, thermal, 27, 35, 39. 
Respiration, effect on oxygen, 30, 47. 
Results, accuracy of, 10. 

calculation of, for carbon dioxid, 23. 
for oxygen, 18. 
Roscoe on saturation with oxygen, 10. 
Rotifers, aggregations of, 122, 226, 300, 
236, 237, 245-240. 

distribution of, 117. 

in water poor in oxygen, 122. 



Samples, carbon dioxid. titration of, 20. 

oxygen, titration of, 17. 

procuring, 5, 14. 
Sanborn on carbon monoxid, 102. 
Sanitary analyses of water, 104, 111. 
Scott on Gyelopt bicuspidatut, 120. 
Scourfield oaCyclops bicuspidatut, 120. 
Sea water, alkalinityof 02. 

fixed carbon dioxid in, 02. 

oxygen in, 62. 
Seyler on carbon dioxid, 70. 

od dissolved oxygen, 17. 

on method for carbon dioxid, 31, 23. 
Shell lake, diagram of dissolved gases, 

217. 
Silica, 105. 

in Baltic sea, 106. 

in Beasley lake, 100. 

effect of diatoms on, 10ft. 

Kaben on, 100. 

vertical distribution of, 106. 

See table of analyses, 170. 
Silver lake, alkaline stratum in, 78. 

diagrams of dissolved gases, 202. 

diatoms in, 54. 

plankton diagrams, 248, 240. 
Sodium 100. 

See table of analyses, 170. 
Soils of Wisconsin, fixed carbon dioxid 

in, 65. 
Solubility of gases, 25. 

of normal carbonates, 64. 
Solutions required for Winkler method, 

13. 
Sonden on dissolved oxygen, 10. 



Spiroitomam in absence of oxygen, 123. 
Spitta on dissolved oxygen, 17, 50. 
Spring, oxygen in, 33. 
Sprint's, free and fixed carbon dioxid 

of, 88. 
StauT/tstTUm in Big Butternut lake, 77. 

in Devils lake, 138. 

in Pine lake, 117. 

in Scottish lakes. 138. 
Stentor in absence of oxygen, 123. 

in Beasley lake, 120. 123. 
Stratification, effect on distribution, 
113, 117, 110. 

effect on oxygen, 35,45,46, 

and phyioplankion, 136. 



Star lake, observations on, 164. 
Sulphur, 110. 

See table of analyses, 170. 
Summer, oxygen in, 36. 
Supersaturation, See excess oxygen and 

excess nitrogen. 
Synedrm, 118. 

Tabettaria, 116. 

Tables showing dissolved gases, 144-169. 

mineral analyses, 170, 171. 
Temperature, effect on decomposition, 
40. 

in oxygen, 35, 36. 
Temperatures in Mondota at different 
seasons, 26-29, 32, 3«, 30. 

See tables, Appendix land diagrams. 
Tenax apparatus, 10. 
Tenderfoot lake, observations on, 164. 
Thermocline in Mendota, 27. 

descent of, 30. 

effect of wind on, 37. 

establishment of, 35. 
Tide or Lost Canoe lake, observations 

on, 186. 
Tippecanoe lake, carbon dioxid In, 95. 

diagram of dissolved gases, 222, 

dissolved oxvgen in, 04. 

observations' on. 160. 
Tomahawk lake, diagrams of dissolved 



92. 

Transparency and excess oxygen, 44, 52. 

Trout lake, analysis of water, 171. 
diagrams of dissolved gases, 214. 
observations on, 163. 
plankton of, 116, 117, 
diagram, 225. 

Trout, Mackinaw, 117. 

Tubifex in absence of oxygen, 124. 

Two Sister lake, analysis of water, 171. 

Uha and half-bound carbon dioxid, 70. 

Upper Turtle lake, diagram of dis- 
solved gases, 201. 

Uronema in absence of oxygen, 123. 



Water, alkalinity of, 70, 81. 
bottom. See bottom water, 
drainage, density of. 31. 

effect on oxygen. 31. 

free carbon dioxid in, 72. 

substances dissolved in, 64, 00. 
eround, free and fixed carbon dioxid 
of 88. 

substances dissolved in, 64. 
hard, fixed carbon dioxid in, 81. 

free carbon dioxid of, 78, 

See lakes, hard water. 



medium. See lakes, medium water, 
mineral analyses of, 104, 170. 
sanitary analyses of, 104, 111. 
sea, alkalinity of, 92. 
fixed carbon dioxid in, 92. 
oxygen in, 62. 
soft. Set lakes, soft water. 
Waupaca lakes, carbon dioxid in, 97. 
Weather Bureau, U. 8., 8. 
Weather, effect on oxygen, 49. 
Weith on waters of Swiss lakes, 110. 
Wells, free and fixed carbon dioxid of, 

88. 
West, O. 8., on desmids, 138. 
West, W. & G. 8., on phytoplankton of 

Scottish lakes, 138. 
Whipple on Massachusetts water sup- 
plies, 136. 
■ on saturation with oxygen, 19. 
White Eagle lake, diagram of dissolved 
gases, 18S. 
oxygen in, 46. 



Whitefish in Green lake, 117. 
Whitefish lake, observations on, 160. 
White Band lake, observations on, 166. 
Wild Goose lake, alkalinity of, 76. 

diagram of dissolved gases, 185. 
Winkler, method of determining oxy- 
gen, 11. 

on saturation with oxygen, 19. 
Winnebago lake, 125. 
Winter, oxygen in, 29. 
Worms under anaerobic conditions, 124. 



Zooplankton, aggregations of, 110, 122. 
distribution of, 119. 
exhaustion of oxygen by, 47. 
method of platting curves, 116. 
specific gravity of, 47. 
withdrawal from bottom water, 119. 



